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ABSTRACT

A compnl;cnnivc canine model of chronlc.i:obncco smoke injury was*
designed to study various functional - motrphological correlates of the
lung. ’ \

Ten months of smoke exposure caused mucus hypersecretion and
hyporssponsiveness to aerosolized but not infused methacholine. Tracheal
mucus fluxqincrouod a_nd mucus viscoelasticity decreased within 4 months
of smoking. The aerosol hyporesponsiveness can most likely be attributed
to mucus hypersecrstion assuming that infusion reactivity more fairly
represents innate airway re;ponlivonan;.

Exponential analysis of the expiratory limbs of t‘he quagi-static
P-V curves was performed in smokers and non-smokers. The data derived
from the P-V curves included pl‘go' .k, and h. ‘All three tests
demonstrated -a significnnt.lon in elastic recoil u'vith; the exponential
constant k being the best predictor for the ten month smokers.

Histological examination revealed a significant amount of
parenchymal destruction as determined by the destructive index. Therse:

was no significant ch;nse in either the mean linear intercept (Lm) or ths

Reid index in the smokers. e
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RESUME

Nous avons developpé un modéle canin avec lésions chroniques,
‘causées par la fumée de tabac pour. étudier différentes corrélations

fonctionnelles et morphologiques du poumon.

Dix mois d'exposition 3 la fumée ont provoqué une. hﬁpersécrétion
L4
de mucus et une hyporeactivité 3 la méthacholine en aérosol seulement, et

-
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non en infusion.

Le flux de mucus trachéal a augmentdé et 1la viscodlasticité du
mucus a diminué durant les quatre pr;miers moiss;l'expositi/'on.

L'hyporéactivité & 1'aérosol peut &tre, probpblement, attribube A
1*hypersécrétion ;!e mucus, sl 1'on présume, que la réactiyité A 1'infusion
'rapr'ésente bien"la réponse innée des voi:as aeriennes.

Une analyse exponengialle de 1la courbe P-Y quasistatique
expiratoire a été )effectuée chez les fumqurg et 1les non-fumeurs, et les
données ont été dérivées de la courbe P-V, y compris Pi,g o k» et b

Les trols tésts ont mis en évidence une perte significative de la
rétraction élastique, la constante exponentielle k étant le meilleur
indice de prédiction chez les fumeurs.

L'examen histologique a révélé un degré‘ gignificatif de
dastruct;on du parenchyme, déterminé par 1'indice de destruction.

" 711 n'y avait pas de changement significatif de Lm ni de 1°'indice

de Reid chez les fumeurs. ’
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INTRODUCTION

The relatiofiship between the use of cigarettes and a variety of
medical problems has received considerable attention. Responsible
scientific opinion can no longer deny that tobacco smoke is implicated in
lupg cancer, chronic bronchitis, emphysema, cardiowvascular dis-eases.

H

extrapulmonary cancers, and numerous other conditions. The daggers
agssociated with cigarette smoking“have been well documented; in many
reports (1-7). Numerous studies have shown that smokers are at a ‘high
risk of premattlxre death due to coronary heart disease (8-11) and that
mortali:ty among women smokers using oral congr?ceptives is significnt‘ly
higher (12-14). The risk of obtaining cerebrovascular disease is also
increased in smokers (15-17). Evidence collected from a study of high
school students demonstrated that abnormalities in pulmonary function
occurred with as 1little as five years of smoking experience (18).
Gastric ulceration occurs more frequently and has a higher mortality rate
than in non-smokers (19). Smoking has also been found to be a causative
factor in chronic bronchitis, with the prevalence of cough and sputum
production b;i.ng higher than among non-smokers (20). It is estimated
that 360,000 persons die each year in the USA as a consequefice of tobacco
use. It has also been estimated that one's 1life is shortened by
approximately 14 minutes for each cigarette smoked (21). Thus cigarette
smoking poses one of the greatest public health problems and continues to
burden society with t;illions of dollars in excess health costs.

In humans., the pulmonary abnormalities produced by or associated

with ctparette smoking are multi-factorial. These include abnormalities
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of mucug clearance, airway hyperreactivity, changes in pulmonary vascula-
ture and loss of elastic rec‘oil Such abnormalities are clearly defined
in the late stages of the disease but provide no information as to the
pathological higtory of the disease or the inter-relationships of the
numet‘o‘:m changes in question. This is not surprising since the vast
majority of clinical research has been conducted cross-sectionally ratim'er
than longitudinally. FPurthermore, the interaction between morphologyﬂ and
physiological function remains unclear. The rationale of the present
study was to develop a canine model of tobacco smoke injury that could
allow: the investigator to describe the effects of varying lengths of
smoke exposure on the functional integrity of the lung. The study has
also.been designed ‘to examine early changes in 1lung morphology and, if
possible, correlate them with any changes in pulmonary function that
oceur.

In Chapters 1, 2, and 3, I have tsl;en advantage of the option
provided by Section 7 of the Guidelines comrcerning thesis preparation
which states that "the candidate has the dbtion, subject to the approval
of the Department, of including as part of the thesis the text of‘ an
original _paper, or papers, suitable for submission to learned journals
for publication”. The first chapter in the thesis is primarily concerned
with the effects of cigarette smoke on bronchial reactivity. Chapter 2
deals with mucus hypersecretion, tracheal mucus clearance and the
viscoelastic’ properties of tracheal mucus in smoking and sham-smcking
beagles. Chapter 3 concerns itself with the changes seen in elastic
recolil and parenchymal “morphology. Of the three papers comprising this

thesis I am first author of chapters two and four and cp-author of

\

>



chapter three. Chapbers one through three have been submitted to the

.

iratory Disease for publication. Chapter one has

American Review of Res
been accepted for publication pending certain revisions. The following
pOt:tion of the introduction is meant to provide the reader with a brief
review of the more rekvant work done in these arcas nf research.

Animal models may be useful to investigate*the mechanisms
underlying reactivity to nonspecific stimuli and to methacholine. Recent
studies in the literature indicate a wide variability both in bronchial
sengitivity and reactivity to various agents (22). In healthy human
subjects naturally acquired upper respiratory tract infections have been

known to cause a transient yet marked increase in bronchial reactivity to

methacholine ‘and histamine (23). Various hypotheses have been proposed

to support the phenomenon of hyperreactivity. Among these are (a) that
airway epithelial damage is related to the development of hyperreactivity

and (b) that irritants may play a re 73 the increasing bronchial

!

resctivity. The information so far provided’ explaing to some degree how
airways can become hyperreactive but fails to explain why- exposure to c
irritants has brought about a decrease in bronchial reactivity in certain v
animal models (24,25). Abnormalities in mucus production and/or
clearance may play a role in modifying the response to inhaled
bronchoconstrictors. ' .
Most smokers suffer to some degree from chronic bronchitis, which

is characterized by an excessive production of mucus by the glands of the

#
i

trachea and major bronchi (26). Abnormalities of both mucus clearance

rate (27-35) and mucus production are the hallmarks of this condition. ,f‘ !
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Foster et al. demonstrated '.hat while tracheal and large “bronchial
clearance rates were normal, x;eripheral mucus clearance was slower in
smokers, guggesting that abnormalities of mucus clearance“are more
prominent in the smaller bronchi of smokers (36). Wanner e£ al. (348},
using a face mask deiivery sytem in canines, found a reduction in
clearance velocity while other aspects of pulmonary function remained
normal. Park et al. (35) also found a reducti?n of in vive mucociliary
clearance rate in dogs exposed to cigarette smoke over prolonged periods

of time. These reasults suggest that:changes in mucociliary cleararice
. b
velocity are one of the earliest changes seen in smokers. Examinations

of bronchiolar epithelium obtained from animals exposed to cigarette
smoke (38-41) or sulfun:: dioxide (38,42-44) revealed changes similar to
those found, in humans wit‘n, a history of cigarette smoking. Cosio et al.
concluded that prolonged exposure to cigarette 'smoke could predispose
individuals to the development of centrileobular emphysema and that

2
pathologic changes in the smgll alrways may be an important cause of

airflow obstruction (45). .
\ . .
Elevations of bronchial reactivity have also been described in

-

studies of human smokers, although in some animal -studies in which
baboons were exposed to cigarette smoke (24) and dogs to sulfur dioxide

gas (25), bronchial reactivity was found to decrease. Various factors
»

contribute to airway reactivity, as defined by the usual criterip

déscribing the response to an inhaled bronchoconstrictive agent. It is

r

important to state that bronchial reactiwity is a relative tern.

Pharmacological bronchlal p@vocation tests, induce a measurable amount of

&
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airway obstruction in both normal and abnormal subjects. Abnormal cases

respond differently to & given dose (or doses) of a bronchoconstrictive

-~

agent when compared to normal subjects. The response may be exaggerated,
as in asthmatics, or diminished, as in certain animal models (24,25). 1In
addition to the inherent responsiveness of the smooth muscle, airway

reactivity is influenced by the accessibility of the bronchoconstrictive

agent to the target site. It was initially our rationale that chronié

expg&ura to cigarette smoke could cause airway hyperresponsiveness by

certain mec‘hanism&"involving airway epithelial damage and/or inflammatory

e

reactions. Other investigators have suggested that damage to airway
epithelium may enhance airwa; res;;;ai:v;a;ess to bronchoconstrictor agents
{23, 46-47). Boucher et al. demonstrated that tobacco smoke injury can
cause—damage to the apithelial tight junction, exposing what are thought

to e the afferent fibres of irritant receptors (47). However, in a

»

. model of chronic bronchitis induced by exposure to_sulfur dioxide gas,

bronchial reactivity was found to decrease. Drazen et al. suggested that
thie decre‘ng_e in reactivity might be due to mucus hypersecretion (25).

The working hypothesis in the present study is that the mucug
lining the airways might modify }he bronchoconstrictor respor;se. In a
study similar to that of Drazen et al. (25), Bolleau et al. using a lower
dose of sulfur dioxide, found an increase in reactivity to aerosol:l;ed
methacholine while notﬁ; that hypersecretion was not prominent (A8).
Recent studies ha:ye sh)own an increase in bronchial reactivity in human
smokers (49-50). The increase in reactivity in these studies may be due

to disorders of autonomic regulation, alteration in smooth muscle,

-

g
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increased alrway caliber, or possibly due to insufficieqt amount of mucus
in the t;:ltv}ays. T a/re can be little doubt that in chronic bron;:hitlcn
glands increase An both size and number and that the ratio of ‘5lavnd to‘
wall thickness 1a increased with smokipg (4.1:.51.52).

Mucus could modify the re'éfp:nae ‘to bronchoconstrictors by variou.n
t!;eans. It could dilute the agent at the target gite, impede its passage
to the underlying epithelium or in,scme way inactivate it. The mucus
secreted by chronic bronchitls appears to be no different than that of
normal subjects ft:om a biochemical point of wview (53). 'rhun\. the
increase in mucus secretion might serve to act as a defensive mechanism
whereby noxious agents are limited in their passage to the underlying
epithelliun.‘ Thigs might suggest w relatlionship bstween mucus gland
hyperplasia, epithelial pemeabi‘lity sn‘d"h’ypa{:reactivity whereby’ an
}nadequata mscosal barrier or an increase in epithelial ﬁet:meabiuty nay
account for the increases in bronchial reactivity found in gome human
studies (54). . ' ‘ .

In a study.of ozone-induced alrway effects, Abraham et al. found
an increase in th'e smoot’h'muacle responsiveness to infuse& carbachol but
jcouid not detect this increase in responsiveness when the sheep were
:challenged with aerosolized carbachol. They attributed this discrepancy
to mucus hypersecretion ,(55). A recent study by Wallis et gl. (56) found
that nicotine could alter bronc;mmotor tone. These authors demonstrated
that aerosolized nicotine produced an acute decrease in airway reactivity

to methacholine. They further concluded that thigs decrease was

independent of differences in B-adrenergic activity since B-adrenergic

.



T ot s ey,

s

N B

J

blockade proved to be ineffective because reactivity was found to
increase in reactive baboons. f To relate the variation of airway
regponsiveness to methacholine to the quantity of mucus in the airway( we
looked at the response to infused and aerosolized methacholine. We
speculateh that the increased quantity of mucus secreted in the airways
could blunt the' respongse to methacholine, whereas the 1infused
methacholine wogﬂld more clearly reflect airway amoott) muscle
responsivenaess. Thus, the main purpose in studying the effec:t5 of mucus
hypersecretion on bronchial reactivity was two-fold: to study the
natural history of this pathological event and to develop an animal model
with an elevated yet stable rate of secretion gso as to examine its effect
on bronchial reactivity. ; !

The effects of chronic exposure to tobacco smoke have been studied‘
in dogs. Auerbach et al. (39,57) found extensive morphological changes
in both parem?hymn and airways. Frasca et al. (58)1noted an increase in

fenestration with up to four months of smoking. These alveolar fenestrae

are distinguished from the pores of Kohn in that they are larger with

/irregular shapes and margins. Further examination by scanning electron

microscopy demonstrated the destruction and enlargement of alveolar ducts
N o
with varying degrees of enlargement of alveolar spaces. Auerbach et al.

reported similar findings in humans who had a lengthy history of
clgarette st;\oking (59). Kuhn et al. demonstrated that gross distortion
of the internal geometry of the lung may be present without abnormal
fenestrations of the alveolar wall in a model of elastase-induced

L3

emphysema (60). Auerbach et al. described the changes observed with
1 N .

.

-
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emphysema as being due to a rearrangement of the internal geometry of t:he

lung in® which alveolar surface area 1is lost. These observations led

Thurlbeck to suggest that destruction be defined qualitatively rather
~—

than quantitatively (61).

3 -

Many methods have been developed to ‘assess the severity of
emphysema. The mean linear intercept (Lm) .has been the most w*eely
accepted te'st in quantitating emphysema. Lm however has been found to be
of questionable value in mild  emphysema since increased dilatation.

’

without destruction can lead to an increased Lm unrelated to classic
v

emphysema. Thurlbeck has shown Lm to increase in an aging lung in the

absence of destruction (62). Saetta et al.. proposed a new method to

quantitate alveolar destruction using a point-count system. This index.

s

of destruction (DI) represents the percentage of destroyed‘space as a

fraction of the total ‘alveolar and dgct space. DI was found to be a more ,

sensitive and reliable ‘index of destruction when)compared to the mean

-

linear intercept (Lm). DI was also found to correlate well with tﬁe

transpulmonary pressure at 90% TLC while Lm did not. . The results of

ah

tﬁéir stuqz\ also t the idea i;hat in smokers, alveolar walls are

fi,rét destroyed/ then fgllowed by enlargement of air spaces leading to’an

incredse in (63) . - : . . - .
| The\assump»tion that the loss of_ elagtic recoil in the lung is
?elated directly to the an;atomicai destruction of pulmonary tissue has-
been cha‘lhgq‘iged by Thu;lbleck (61). A study correlating function‘with
stpucture has 1ndica}:ed that the Arelati(‘mship betu‘ee{n ‘emphysema grade- and

A

loss of elastic recoil is not well defined (64). Their_étudy indicates

j ’ ’
\

.
P
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t‘yt cp‘anges in elastic recoil may occur in smokers with no apparent
evidence of emphysema. Berend et al. alsdh concluded that standard
measurements of chord compliance made from pressure-volume curves could
be unreliable in the diagnosis of emphysema with a grade of 50 or) less.
The fractional uptake of CO was found to correlate best with degree of
emphysema in thelr study (64). Thurlbeck proposed an interesting
hypothesis whereby emphysema and elastic recoll are related only

coincidentally and not as cause and effect. 1In this theory ‘cigarette

smoking could act to alter the scleroprotein framework of the lung

“resulting in diminisheqd elastic recoil (61). In support of this theory

are the results of Hogg et al. wherpe théy have shown a decrease in

’

compliance of centrilobular emphysematous spaces relative to the notmal
b .

surré\inding tissue. Interestingly enough, the suf'rounding t‘issues' had a

higher compliance than the emphysematous spaces® in one instance (6?).

Various approaches have been used to study loss of elastic
recoil. One such approach involves the use of a single exponentialp
function. This/_has been used to describe the static or quasi-static
pressure—‘;olume curve of the lung (66-75). The retractive forces of the
lungs -have been estimated by mea?v:ming the slope of the axpiratory 1imd
of the pressure-volume cu?:ve; i.e., chord complian;:e, in the tidal

G

range. Utilization of these measurements is complicated by the necessity

to standardize for lung volumes and by the curvilinearity of the

L

_ pressure-volume relationship. Furthermore, measurements of chord

compliance involve the use of linear approximations over a comparatively
-

small volume range. -
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In dealing with these difficulties Salazar and Knowles introduced
an exponential mathematical expression to desecribe the elastic forces of
the lung - (68). One advantage offered by the use of an exponential
f‘unctit:m is that it can accommodate volumes over the whole inspiratory
capacity without the use of FRC as a reference point, Below FRC, 3fi.t;»t:ed
P-V data deviate Yrom ‘the exponential function. This could be due to
alrway cl‘asure (69) or due to compression of the esophagt;al balloon by
the surrounding structures (76,77). Constants derived from the
exponential fits have been used to assess the mecf{anical properties of
the lungs (78). The results of Colebatch et al. indicate that if the
exp'oneqtial is fitted from 50% TLC then the variation in the constants
for individuals is less than the variation found with dhupkcate trials
(75). Values for the transpulmonary pressure at 90% TLC &PL‘)O) can be
derived from the computer-plotted curves, in addition to the bulk elastic
congtant k, and the half-inflation pressure h. The half-inflation
pressure h cafd be regarded as an index of the stiffness of the lung or of®
the steepness of the slope.

‘ Paré and co-workers found the bulk elastic constant k to be the
best predictor of emphysema in individualé. although it failed to
distinguish patients with mild emphys;ma from those _without (79).
Silvers et al., using a ;ingle exponential function after the method of
Salazar and Knowles (68), found no significant difference between two
groups of emphysematous patients in which one group had a grade of five
or less and the other :group a grade o{'-‘ more than five (80). The Silvers

group found a significant difference in elastic reccil between patients
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with mild emphysema and normals when they expressed the static lung
recoil as a percentage of predicted lung volume. Linear correlations
made between emphysema grade and PL90 yielded a significant negative
correlation indicating a close relatién between, anatomical emphysema and
elastic recoil (éO).

Recent studies in aging mice demonstrate a decrease in lung
;lastln content with age (Bi). If such findings can be extrapolated to
¢

humans, then the decrease in elastin could account in part for the loss

of elastic recoil pressure. A study of elastic fibers in normal human

]

Jungs and lungs with mild emphy;ema demonstrated no significant
difference in total fibeg length or diameter (82). These results
indicate that the loss of elastic r;coil is not simply due to a decrease
in elastic fibers but may be due to changes in scleroproteins or due to a
rearraégement in the internal geometry of the lung (61). Thus, it can b;/

seen readily that loss of elastic recoil may involve numercus mechanisms

_and not simply-the anatomical destruction of parenchymal tissue.
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Chapter 2

RYPORESPONSIVENESS TO AEROSOLIZED BUT_ NOT INFUSED METHACHOLINE

IN CIGARETTE-SMOKE-EXPOSED DOGS
‘ . [
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ABSTRACT

Nine beagles were exposet! via a tracheostomy to smoke from ten
igarettes/day, five days/week for six to ten months; five dogs served
as shaxﬁ-expoaed controls. Mucus was -collected 2x/week prior to an(i
during the exposure period by resting a cytology dbrush on the lower

trachea fér 2-5 minutes. At least once prior to and 3 x during exposure,

transpulmonary pressg‘zre and flow were monitored under anesthesia to

‘ s
determine resistance RL' Two airway responses to methacholine were

determined: the infiusion response Ri, the increase in RL 4-6 minutes |

post infusion of 4 mcg/kg/min., and the aerosol response Ra, the increase

in Rb at 2 min. Eight of 9 smoking dogs developed persistent mucus

hypersecretion. 1In 5 dogs, tracheal mucus‘flux increased 5-10 fold; f"im

3 dogs, the 1increase was 2-3x control. One of the § sham-exposed dogs

developed moderate hypersecretion. In smokers (N=6), Rl increased -to
3.14x initial value (+ 1.15 SE); in shams (N=4), Ri incteased to 1.36x
control + 0.49. Neither change was significant. By contrast, Ra at the

highest common dose decreased significantly in smokers, to 0.213x control

+ (+ 0,032 SE, p<0.001); Ra in shams did not change significantly (1.17x

" 4 0.47). The difference between aerosol and infusion response change, is

an index of methacholine aerosol hyporesponsiveness. For  smoking, dogs,

, Rai 'was 21:92 + 0.68 (SE)(p <« 0.05), while for sham-exposed dpgs Rai was
0.15 + 0.23 (SE)(N=4). Assuming that infusion reactivity re fairly

Jrepreseﬁts innate %imay response, the aerosol hyporesponsiveness in

émoklng dogs can most likely be attributed to the fmucus hypersecretion.

Key words: mucus, airway reactivity, smoking, permeability.
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INTRODUCTION , v N S

\
Mucus hypersecretion is a well known' feature of the, chronic

bronchitis agssociated with cigarette smokers and abnormalities of mucus

production and clearance are one of the earliest symptoms seen. It is

‘known that long-term exposure of experimental animals to sulfur dioxide

~
(1-4) or to§5cco smoke (3,5,6,7) leads to changes in airway morphology

similar 4o those seen in chronic bronchitis; these changes include

airway inflammation, damage to ciliated cells, enlargement of mucus

-

glands, and proliferation of goblet cells. It has also been shown that
long-term exposure to whole cigarette smoke leads to a reduction of in
vivo mucociliary clearance rates in dogs (8,9).

Elevations of bronchial reactivity have also been described -in
studies of human smokers, although in some animal models of smoking ‘a
decrease in reactivity has been reported (10). A number of factors
contribute to airway reactivity, as *defined by the usual criteria
describing the response to an inhaled bronchoconstrictor aerosol. 1In
addition to the inherent responsiveness of the smooth muscle, airway
reactivity is influenced by the distribution of the aerosol within the
lung and by factors limiting t;ue accessibility of the bronchocorlgt_:rictive
agent to the target site once it has been deposited ié the airway.

" In a model of chronic bronchitis induced by chronic exposure to
sulfur dioxide gas, Drazen and co-workers demonstrated ;; decrease in the

airway responsiveness to Thistamine in dogs with clinical mucous

- hypersecretion (11). They suggested that this mighf be attributable to

the apparent increase ig mucus production in these dogs. In the work of

)
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Martin and co-workers, using the same dog model but with a lower dose of

f’;_ . S(Sé, there was an increased reactivity to aer;solized methacholine (12)
-é « but hypersecretion in this case’was not very p.romlnent, certainly not in
1 . the early stages when the airway hyperreactivity became apparent (13). .
E Several studies have‘ shown an increase i'n bronchial reactiv;.ty in
; ‘human  smokers (14,15). Although the mechanisms responsible for
?»I ) hyperreactivity remain unknown, four explanations have been pestulated to

account for this: 1) epitl:'élial damage leading to increased
permeability; °(2) disorders of autonomic regulation; (3) 1increased
baseline airway’ caliber; and (4), alteration 5 in smooth muscle
responsiveness. Rec;ant studies have suggested 'that ‘the increase in
airway epitheli‘al permeability is due to alterations‘in‘the intercellular
tight junctions after cigarette smoke exposure (16,17). Hulbert and

co-workers (18) demonstrated an increase in per:meability in guinea pigs

exposed to cigarette smoke and that such changes in permeability were

/
revergible.

Such observations concerning the airway responsiveness to chronic

cigarette smoke exposure, mucus . hypersecretion and the increase in-
permeability suggested a - possible experimental approach to the

%\ relationships between the above factors. In this study we considered the

2

possibilityﬂ that the mucus lining the airway might modify the
bronchoconstrictor response. Mucus could potentially /play this m’odifier
role by dilutir}gAthe pharmaco-active agent or by delgying its passage.to
the uriderlying epithelium. These T(“'act:ot-s could cause a rightward shift

{‘ ) in the classical dose response curve. If sufficient mucus was present to

Fa)
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alter baseline airway caliber, it could also alter the aerosol deposition
pattern, and hence the re;ponse.

Te relate the variation of alrway regponsiveness to methacholine
to the quantity of m;.xcus in the airway we chliose to compare the response
‘"to infused and aeorosolized methacholine chloride. Our hypothesis was
that the response to infused methacholine would more clearly reflect
airway sn;ooth muscle responsiveness, and that any blunting of the
response to aerosolized methacholihe would then be related to the
quantity of mucus in the airways. The infused and aerosolized doses were
chosen to provide eduivé\lent mean changes in total pulmonary resistance
prior to the smoking stages of the study. Since cigarette smoke has been
found to increase mucosal permeabijlity and that su;h a mechanism might be
,Of' ;.mportar'nce with reg'ard to hyperreactivity, all dogs; ceased to smoke
for three tc; five days prior to each methacholine challenge. The present
‘stuudy was -therefore designed to examine the effects of mucus
hypersecretior‘xi on bro;\chial reactivity while¢ allowing for epithelial:
parmeability. to return towards -normal by allowing for an e;ppropriate

period of cessation of smoking.
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MATERIAL AND METHODS
o 2

Fourteen normal beagles weighing 8 to 16 kg were chosen for the
study. Each dog was surgically prepared with a chronic tracheostomy and

then left for at least three weeks to recover. None of the dogs had any
o

indication of any respiratory infection throughout the duration of the
study. A number of physiological studies were performed to establish-
conmtrol values with regard to lung mechanics and airway responses during

a four month initialization period. Cigarette smoke exposure began

immediately after this phase of the study.
b

Smoke Exposure Method:

The delivery system employed for the study was similar to others

A\

described in the literature (19). The dogs were trained to stand ql;i.egly
in a harness and accept a cuffed tracheostomy tube (Fig. 2.1). To
generate smoke, a positive pré¥sure was applied to a 1lit cigarette by
closing a solenoid valve through which a bypass flow of a}r noz_-xgally
passed. The solenoid g:lpsu're pe;iod was set by a timer to éeliver a
35 ml bolus of smoke to the inspiratory line evé;y 20 seconds until the
cigarette was smoked to a standard butt length of 23 mm. After the smoke
was fed into the inspiratory line, the dog breathed a mixture of fresh
air and smoke pia a Rudolf valve with the expirate leading off into a

. ”
fume hood. The cigarettes that were used were unfiltered 70 mm high tar,

hiﬁh nicotine cigarettes (20 mg/ tar, 1.2 mg nicotine). The cigarette

— i

dose was increased gradually ovet a run-in period of two weeks up to a

maximum of 10 cigarettes per day, delivered over the couyse of
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approximately 2.5 hours, 5 days a week, for a ten-month period of time.
All dogs ceased to smoke three to five days prior to the initiation of

the airway response experiments.

“ Figura 2.1

Smoke exposure system. To generate smoke a positive pressure is applied
to a 1lit cigarette by closing a solenoid valve through which a bypass
flow of air normally passes. Inset: view of dog in harness with cuffed

2

tracheostomy t-he.
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Airway resistance measurements:

Each dog was studied u'nder sodit;m pentobarbital (Nembutal)
anesthesia in the supine position. After being intubated with a cuffed
endotracheal tube a venous line was established to maintain ~tH‘e level of
anesthesia. Measurements were made in a volume displacement body
plethysmograph. Volume was determined spirometrically with a linear
variable displacement transducer system. Flow at the mouth was measured

with a Fleisch No. 2 pneumotachygraph connested to a Validyne MP4A5 + 2

cmH, 0 pressure transducer (Validyne Co., Northridge, CA). @&

2 -

Transpulmonary pressure was measured with a differential pressure

trarnsducer (Validyne MP45 + 100 cmHZO). An esophageal balloon (5 cm

-~
-

long; circumference 1.44 cm) was attached to PE-200 polyethylene tubing'

with multiple side holes within the balloon. The balloon was passed into

the stomach and then withdrawn gradually until a negative pressure was

recorded. The balloon u{és then positioned to record a8 minimum
transpulmonary pressure swing during an occluded breath. Further
adjustments were then made to minimize cardiac artifact. Balloon volume
wag maintained at 0.6 ml and checked periodically throughout ‘the
experiment. Pulmonary resistance, RL was determined by the elu%trical
éubtraction methed (20).

-
\

Methacholine challenges: \,\J

Methacholine chloride bronchial challenges were carried out with a
» Hudson nebulizer at a constant flow rate of 8 “14minute. The same

- nebulizer was used for each dog. Following an inflation to 20 cmHzo to
(‘“-7_ »



relieve any possible bronchoconstriction, saline was nebulized (particle
gsize 1.6 micrometers) for 1 minute while the dog breathed spontaneously.
Two minutes later, measurements of total pulmonary flow resistance were
made . Aerosols of doudbling concentrations of methacholine chloride
diluted in saline were then delivered at 10 minute intervals, st)arting
with 0.5 mg/ml and building up to a maximum concentration of 8 mg/ml for
insensitive dogs. Two minutes after each aerosolization RL was again
measured. The aerosol resistance response was defined as the total

°

pulmonary resistance 2 minutes post 2 mg/ml minus the control resistance

K}

taken after the saline aerosol. This particular dose was chosen since it

.was the common dose reached in all - dogs in which changes in RL exceeded

ladi

baseline resistance by 2 standard deviations.

After the last challenge the dogs, were inflated to relieve any
bronchocoanstriction and allowed to rest for 1 hour. Following this the
dog's endotracheal cuff was reinflated and the I.V. line made readynfor
the infusion response to methacholine chloride. The methacholine
chloride was delivered at a constant rate of 4 micrograms/kg/min via a
Harvard infusion pump operating at a nominal infusion rate of 0.97
ml/min. Readings of pulmonary resistance were taken every minute and an
average was computed over the 4-6 minute range since this time interval
corresponded to a plateau response. Following the eight minute mark the
infusion was stopped and the dogs were extubated and allowed to recover
under supervision., The infusion resistance response was computed as the
mean RL at 4-6. minutes post iniiusion minus the control resistance

immediately prior to infusion.
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Mucus collection rates: N

Tracl_':eal mucus was collected from the dogs twice weekly by means
of the cytology brush technique as described previously (21). The weight
of mucus collected on the brush per unit time (mg/min) was used as an

index of mucus flux.

Statistical treatment of data:
Comparisons of responses were made for both the aerosol and
infusion responses within smokers and non-smokers and between both groups

using two paired t-tests. A p value less than 0.05 was considered

significantﬁ
//— @ N S
{

\\‘\
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RESULTS

The vdriation in Ra, the methacholine aerosol response, over thee.

course of 10 months of cigarette-smoke or sham exposure is illustrated in
Fig. 2.2. The aerosol response in smokers decreased significantly by

paired t-test (p < 0.05) while that in the non-smokdrs remained unaltered.

1)

- Figure 2.2
This figure, shows the aeroso\ response to methacholine (2 mg/ml) at
control, 6 and 10 months of smoke exposure or sham exposure. Smokers

became progressively hyporesponsive over the 10 month period of

exposure. Standard errer bars are indicated. ©
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By contrast, Ri, "the methacholine infusion response, was

@
progressively enhanced over the 10 months of smoking, although the
increase did not achieve statistical significance (0.05<p< 0.10). This

is illustrated in Fig. 2.3. The mean-initial pre-exposure responses, Ra

-

and Ri, were not significantly different between smokers and non-smokers.

Figure 2.3 ‘
Responses of the methacholine infusion (4 ug/kg/min) as a fungtion of
time at control, 6 and rl% months of smoke exposure or sham exposure.
Smokers showed an increased responsiveness to the infused methacholine
over the smoke exposure period though this did not reach statistical

significance. Standard error bars are indicated.
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The relative change in aerosol rand infusion response at 10 months

was defined as Railo = Ram/Rac - Ri o/Ric, a negative quantity

1

indicating a hyporesponsiveness to aerosol vis-a-vis infusion. The data

in the 6 smokers and 4 non-smokers with both infusion and aerosol

challenge are illustrated in Fig. 2.4.

Figure 2.4
Change in aerosol response at 300 days veérsus change in infusion response
at 300 days in smokers and sham-smokers. The solid line is the line of

identity and the dashed lines divide the figure into four quadrants.
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3

(Individual data points are éiven in Table é.l.) This figure indicates

that in non-smokers, the changes in infusion response are reasonably

_tracked by the changes in aerosol response, since the points are

FERS

scattered about the identity line. 1In the smokers]E however, all the

points lie to the right of the identity lige, indica that the changes

in infusion response are not matched by equiyalent changes in aerosol

¢

response. In fact, three of the six smoker}y showed a substantial

decrease 1in aerosol response in the face of an actual increase in

- infusion response. The development of relative hyporesponsiveness to

aerosolized methacholine vis-a-vis infused methachéline in smoking dogs

but not in sham-exposed control was statistically significant (p < 0.01).

TABLE 2.1. Response to infused and aerosolized methacholine.

Smokers Non-smokers
Dog *RalO/Rac Ri&gigic Dog RalO/Rac Ril0/Ric
AN
9ACI 0.179 .0.933 9AC4 2.424 2.246
OMO1 0.230 0.951 oM03 1;.368 2.110
OMO2 0.112 2.858 9BP1 0.57Q 0.867
23p1 0.303 1.472 ' 20U3 0.319 0.047
1082 0.241 4.450 ’
2HL1 1.557" 2.084 "
9cQ2 - 8.152
il PR
Excluded as an outlier. oy

X p < 0.001.
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The baseline resistance level.-deteminod prior to the initial
meth'g;:hol.ine exposure in gach experiment, was found to increase in the
- /-/ -
Bmokiwﬁ {(p < 0.02), but not in the non-smokers. This increase
occurred between 6 and 10 months of exposure, as indicated in Table 2.2.

<
Considering that the aerosol ar;d infusion responses were defined as the

‘absolute changes in R with methacholine administration, if the

L

responses had been defined as the fractional change in R, instead, the

t -

L

mean change in infusion responsiveness at 10 months would have been very

slight (140% of control), while the decrease in aerosol responsiveness at
the same point would have appeared even more exaggerated, reaching a mesn

value of only.ZO% of control.

57 s ¢

Table 2.2. Baseline pulmonary resistance (cmHzolLPS).
Y
1 .
% .
Control 6 months 10 months
\ ‘ ~
(N=7) Smokers 0.98 + 0.40"  0.69 + 0.15 1.70 + 0.47%
(N=4) 'Non-smokers 1.10 + 0.30 - ‘ 1,46 #1.13
% p< 0.02 X -
Standard déviation
“‘}L‘ a
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DISCUSSION
Our data suggest that smokers have decreased nonspecific airway
responsiveness to aerosolized methacholine when compared to non-smokers.

These differences in reactivity may be accounted for by the chronic mucus

N

hypersecretion which developed ove.r the period in which the dogs rmoked.

"In a. model of chronic bronchitis Drazen et al. (11) demonstrated a

decrease in the responsliveness to aerosolized histamine in dogs with
chrodiic mu<l:us hypersecretion. In the work c;f Martin and co-workers,
using -the same dog model but- with a lower dose of soz, there was an
increased /reactivity to aerosolized methacholine (12) but hypersecretiuon

in this case was not very prominent, éertainly not in the early stages

_ when the airway hyperreactivity became apparent (13). The findings of

Roehrs et al. (10) support our own whereby bronchial reactivity to

aerosolized methacholine decreased in cigarette smoking baboons.

-Although previous studies have reported increases in goblet cells after

tobacco smoke exposure they have not focused on the immediate changes.
Histologically, Reid et al. (22) reported in rats a decrease in goblet

cells after 2 weeks of smoke exposure whicH was followed by an increase

afteér 4 weeks of exposure. This suggests that a midimum period of smoke
exposure is needed ‘before goblet cell proliferation and secretion might
oécur.. Blt/mting of a response to an aerosol by excess alrway mucus 1is
mest likely attributed to ‘delayedn or restricted access of tl"x‘e

i

pharmaco-active agent to the target site. This could occur by direct

dilution or by reduced permeabllity through the mucus blanket. All of

these possibilities could produce a similar' effect of reducing the peak

1
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concentration “of the agent at the active site when it;, is given in
step-wise increasing concentrations.

The secretory role of the goblet cells may play an increasingly
important role in t:.he mechanisms governlng hyperreactivity. In :a‘atudy
of airway épithelial permeability in guinea pigs Hulbert et al. (18)
found a aharg reduction in the number of goblet cells imediately‘a?fher

-4

. ¢
the initial 'cigarette smoke exposura, Interestingly enough 'iné?::osal

permeability was: found to increase as the goblet cell count decreased.

Simani and co-workers (16) suggested that the increase in permeability of
respiratory epithelium after exposure to tobacco smoke was due to

alterations around tight junctions. It has since been shown that the

altered permeébllity was associated with atmctdral‘damage leading to

leaky tight junctions and that this damage was dose-related (17j. 1In the

ablsaﬁcé of a mucosal barrier, irritant receptors found below the tight

individual would appear to have hyperreactive airways.

This sBuggests a rélationship between the observed mucus gland

hyperplasia, the be’pir:helial permqabili;:y and hyperreactivity. An
inadequate mucosal barcier or an 'increase in epithelial permeability ;by
prior tobacco smoke .exposure mv account in part for the iricrease in
bronchial reactivity fo‘.md in somelhun‘\an studies (14,15,23).

v

Since the increase in permeability has been shown to be reverg}ible

@
to some extent given an adequate period of cessation of smoking (18,24),

it is possible that the increases in bronchial reactivity reported in

these former studies may in fact reflect only the a'cute effects of

A

3

C

b\
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, clgarette smoke. Paré et al. demons{:raied in ascaris-allérgic rhesus
monkeys that with prior antigen inhalation there is a marked 1ncr\easa in
alrway resistance in re\sp(;nse to a given dose of histamine. It was also
demonstrated that the increase in airway resistance produged by
i“nhalation of antigen was assgciated with changes in~  bronchial

' permeability (25). This increase in permeability might facilitatﬁf\.

passage of ph;maco-active agents to underlying irritant receptors. o

Sellicke and co-workers were able to demonstrate an increase in
the discharge rateiof action potentials from single fiber recordings
following lsmoke exposure in. rabbits, They speculated that this might be
due to stimulation of 1irritant receptors found in the epithelium (23). ’

It is unlikely that such permeability changes might have played a role in

4

modifying reactivity in our study since all dogs ceased to smoke 3-5 days
prior to the experiments. The human studies reflecting an increase -1n_o
‘bronchial reactivity can be criticized on the grounds that in two of the
gtudies smokers refrained from'smoking at leastz two hours prior to the
challen'ges (14‘.15) and in the third only one hour before the tests (20).
These time intervals wou'ld not be suffﬁcieniﬁly long to exclude the
possible effects of the Iacutle permeahility changes found with smoke

. ~ ‘ «
exposure. These studies would also rely heavily on the- cooperation of

smokers taking -part in the study introducing an inherent degree of
uncertainty in. their results. .

) In the second part of the study we compared the responses to

J . i K aerosolized and infused méthacholine. As earlier stated our hypothesis
S . was that the response to infused methacholine 'would more clearly reflect
J ) . h
B T
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airway . smooth muscle responsiveness, snd that an); blunting of the
response to aerosolized methacholine would then be related to a quantity
of mucus found in the airways. Since the infused dose was carefully
matched to provide an equivalent mean change in pulmonary resistance
similar to that of the highest common aerosolized dose amongst a;.I dogs
one could monitor the response to the two over a 10 month period of
time. In dogs with elevated levels of airway secretion, for a glven
response to an infusion of methachoiine, ‘the relative response to an
aerlosol of methacholine was reduced wifh respect to what it would ‘have
been 1if there were little mucus ‘in  the airways. If airway
hyperre;céivity to an aerosolized bronchoconstrictor agent can be caused
by increased permeability to that agent and/or increased respons'iveness
of the smooth muscle to the inhaled agept, then, if infusion reactivity
repregsents tha true or inherent airway(reactivity, the reactivity to
inhaled aerosol may thus undeq)zstimate the true value when mucus
hypersecretion occurs., In a study of 03-—1nduced airway effects Abratgam
and co-workers reported a signiffcant increase in the smooth muscle
responsiveness to infused carbachol in sheep (27). This increase in the’
smooth muscle responsiveness was not detectable by inhalation challenge
due to 8 concomlttant decrease in’ epithelial pMeability. They
attributed this decrease in epithelial permeability to mucus
hypersecretion. In Fig. 2.3 the smokers exhibited similar resdlts in
which the methacholine infusion response was grogresslvely enhanced
throughout the smoke exposu::e period. This increase did not, hoqéver,

-

achieve gtatistical significance in our study but might have, given a ‘

'
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longer exposure to tobacco smoke. It has been reported that ‘the

narrowing of airways by mucus can enhance inertial deposition by

~

increaging the linear velocity of flow hence causing mdre central

deposition. This increase in bronchial deposition has bheen reported in

. L

patients with chronic bronchitis (28). If such was the ease’ 'in those
\

dogs that were hypersecretors one would predict an enhancement in the
\

response to methacholine and not theé diminution seen in our study. In
f

fact, following theée arguments of Strohl et al. (29) a central -shift in
the aerosol deposition should if anything \incresse RL because of the
increased conce}ntration of methacholine in the airways contributing most
'strongly to resistance. Kim and co-workers (30) reported that increased
mucus depth would enhance aerosol deposition more than resistance. The

increase in cent_ral\ (deposition may in -fiact have been offset by the

bar.;rier effect of the mucus blanket.

In conclusion this study indicates that chronic cigarette smoke
exposure reduced bronchial reacﬂ}:sivity as indicated by the aerosol
response. It is interesting to s;;eculate that the development of'mucué

’

hypersecretion and the concomitant diminution of the aerosol response
could be intimately related to one another and that this mucus barrier
could serve to Qilute or impede the passage of noxlious agents to the

\
underlying epithelium.

~
*
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Chapter 3

MUCUS KYPERSECRETION Iﬁ CIGARETTE-SMOKING DOGS
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e ABSTRACT

Tracheostomies were fashioned in 1? adult beagle dogs. Mucus was
collected twice weekly without drugs by resting a cytology brush on the
lower trachea for periods of 2-5 minutes. The mucus was weighed, and the
galactose content determined by the phenosulfuric acid assay. The mucus
co(lxsection rate served as an index of tracheal mucus flux, the galactose
as'say\l as a marker of mucous glycoprotein’ content. The tracheal mucus
clearance rate TMCR was det,ermin;% periodically under xylazine analgesia
by observing charcoal particle transport bronchoscopically. After an
initial 4 month control period, the cigarette smok% exposures were
started. The dogs were trained to stand quietly in a harness, and smoke
was delivered via a cuffed tracheostomy tube. A 35 cc bolus was intro-
duced to the inspiratory 1line each 20 seconds, using unfiltered 70 mm
cigarettes (20 mg tar, 1.2 mg nicotine). ;Each dog smoked 10 cigs/day
over 2.5 hrs., 5 days/wk. Two dogs were exposed for 6 months incl. a
2 wk run-in period; 7 dogs were exposed for 10 months with a 2 month
run—-in period. The other 5 dogs served a's controls. Eight of 9 smoking
dogs developed persistent mucus hypersecretion. In 5 dogs, tracheal
mucus flux increased 5-10 fold; in 3 dogs, the increase was 2-3x
control. One of the 5 sham-exposed dogs developed moderate hyper-
secretion. The pattern was variable, the maximal increase occurring from
2 moriths to 10 months. In the first 2-4 months of .smoklng. the galacto(hQ/
content of the mucus fell, consistent with a de¢rease in elasticity.
However, aftgr 6 months, the elasticity rose back towards control levels,
while the galactose content remained low, suggesting an alteration in the
natu;'e of the mucous glycoprotein. The TMCR did not change signifi-
cantly. The alterations in mucus were chronic rather than acute, in that
there weére no significant differences in quantity or galactose content on

Monday vs Friday, nor after one cigarette vs before.
., .-

Key words: mucus, smoking, hypersecretion.
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INTRODUCTION

Studies in human qfnokers suggest that abnormalities in mucociliary
clearance are one of the'v earliest functional alterations associated with
j:igarette smoking. 1In one study, tracheal mucus velocity was found to be
lower in you;xg smokers than in non-smokers: (1). In another study (2),
however, while tracheal and large bronchial clearance rates were normal,
peripheral mucus clearance was slower in smokers, suggesting that the
smaller bronchi are more suspectible to the development of clearance
abnormalities. Our own studlas (3) have delineated a structural basis
for early functional impairment in smokers, residing in early
inflammatory change and épith?lial ‘abnormalities in the small airways.

A number of investigators have demonstrated, with histological and
morphometric techniques, that mucus hlﬁ)e!:'secretion .develops in animals
exposed to cigarette smofce for extend’éid periods ol:' time (4-7). Auerbach
et al. (4) examined the tf.:ffects of :smoke exposure in tracheostomized dogs
and found e@nsive morphological changes in both parenchyma and
airways. The airway changes included epithelial hyperplasia, decreased
numbers of ciliated cells, a;d areas of squamous metaplasia. Wanner et
al. (8) measured tracheal micus velocity in beagles exposed to cigarette
smoke through a face mask. They found a reduction in clearance velocity,
while other aspects of pulmonary function remained normal, suggesting
that changes 1in mucus clearance are an early result of smoking;
unfortunately their study did not include histology. Park et al. (9),

with a similar face mask delivery, also found a reduction in mucus

clearance rate after long-term smoke exposure. Morphological changes in
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the central airways were noted, inl:Iuding goblet cell hyperplasia, but
not parenchymal chahges. Since ciliary function appeared unaltered, they
ﬁattribu\ted the changes in mucus clearance to alterations in mucus
viscoelasticity, although this was not tested.

In the study described here, we examined the development of* mucus
hypersecrétlon in a group of beagle dogs .exposed for several months to
moderately high doses of cigarette smoke, Oulr main purposes were to
develop an anémal model with an é}evated and relatively stable secretion

I

level in order to examinm the inter-relationship between mucus

v

hypersecretion, viscoelasticity, and clearance, and to see how mucus

hypersecretion related to other aspects of pulmonary pathology.

L
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MATERIAL AND METHODS

We 'fashioned permanent tracheostomies in fourteen adult beagle
dogs (Fig. 3.1). Mucus was collected> without drugs by opening the stoma
with an uncuffed tracheostomy tube& inserting a cytology brush, and
resting it on ‘the lower tracheal mucos: for a period of 2 to 5 minutes.
Mucus collected on the brush by mucociliary flow. At the end of the

c\'ollection period, the brush was withdcawn and the mucus removed by
s <

Figure 3.1
Collection of mucus from a dog with a permanent tracheostomy. The
tracheostomy is fashioned by- excisingya“n oval segment of anterlor trachea
and suturing the outer skin directl{or;to the remaining trachea. The dog

is then left for 2-3 weeks to‘ recover. "»;‘

<
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gently scraping the brush with a dull scalpel blade. Each sample of
mucus was welghed. The collection rate was ’computed by dividing the
weight of mucus by the tracheal contact time; this defined an index of
mucus flux (10). In this study, we also routinely analyzed each sample
for its content of neutral hexose, using galactose as the standard }(11);
this provided an index of mucus glycoprotein content. The majority of

samples were also analyzed rheologically, using the magnetic rheometer
'techniqﬁe (12), which glves viscosity and elasticity as a function of
frequency. | . ’
Mucus was normally collected twice weekly beforg and throughout
the smoke exposure period. Aftef a, three 'to four month initialization
period, during which time a num’ber of physiological studies were
‘performed, the smoke exposures were begun. The dogs were trained to
'stand quietly in a harness. and accept a (;!:lffed tracheostomy tube
(Fig. 3.2). To generate smoke, posit;.ivé pressure was applied to a
lighted cigarette by closing a solenoild valve through which a bypass flow
of alr normally passed. The solenold closure period was set by a timer
tolprovide an average bolus of 35 cc of smoke; it was activated every 20
seconds until the cigarette was smoked down to ‘a standard butt lengtfizof
23 mm. The smoke was fed into the inspiratory line; the dog breathed
this mixutre via a Rud‘:)lf valve, the expiratory line leading off to a
fume hood. The exposure method is comparable to that described by
Battista et al. (13). The cigarettes' that we _9sed were unfi.ltere&i 70 mm
cigarettes that were fonnult%ted to give a high tar and nicotine Ioutput-

L

(20 mg' tar, 1.2 mg nicotine per cigarette).
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} Figure’ 3.2
SmokXe exposure method. Inset: 1ﬁé\\dog iz trained to stand quietly in a
restraining harness and accept the insertion of a cuffed tracheostomy
tube. Smoke 1s generated when the b)tpass flow of air is blocked by‘tem-
porarily closing the solenold valve. The smoke feeds into the inspira-
tory line via a T connector and then to the dog via a Rudolf valve. The
soienoid closure interval is set to give a mean bolus volume of 35 cec;

the time between closures is set at 20 seconds, so that a cigarette takes

© 8-10 minutes to complete. The clgarettes used are 70 mm unfiltered cig-

arettes of a formulation that produces 19.8 mg tar, 1.19 mg nicotine, and
15.8 mg CO per cigarette when smoked to a standard butt length of 23 .,

To Cutted

Tracheostomy Tube

‘ Fresh Alr

Solenold
Valve

Alr/smoke Timer
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The ‘cigarette dose was increased gradually ovet; a run~in pérlodg
up to a maximum of 10 cigarettes a day, delivered ove;' the course of
about 2.5 hours. The first two dogs studied (series I) v;':ere exposed for
a total of 6 montl;s. including a 2-week run-in period; the other seven
(4 in series IX and 3 in series III) were ;xposed for a total of. 1%‘
months each, including a 2-month run-in perlod. Five dogs were kept as

controls, one in series I, three in -series II and one in series XII.

On one occasion prior to smoking and on one or two. occasions
0 4 T
during the smoke exposure period (after 6 or 10 months), the tracheal

mucus clearance rate, TMCR, was observed b—y a direct observation method

(14). The.dogs were administersd xylazine, an anesthetic 2 mg/kg i.m.,

and placed in the; lateral decubitus posi'tlon. A flexible fiberoptic

.

bronchoscope was 1nsertéd through the tracheal stoma, and 5-10 ul of a

suspension of finely divided chargo’al was deposited on l;,he dependent wall
of the lower tracheal mucosa., The progression of the leading edge of the
ch\arcoal depogit was bbset:ved for a perlod o'f 5-10 minutes, and TMCR was
computed as the cephalad displécement divided by the. timle elapsc;d.'

On several occaslions, venous blood was dravfm from the dogs into a
heparinized syringe before the daily smoke, exposure and immediately after
the tenth cigarette of the day. The'total hemoglobin cor‘\tent, as w;all a;
the fercent carboxyhemoglobin, was determined with an IL 282 Co-oximeter
equipped for the analysis ‘of canine blood.

At the end of the smoke exposure’per'iod, ‘the dogs were sacﬁificed

following a final series of lung mechanics experiments. The lungs were

~
excised and fixed by inflating in buffered formalin. Segments of the
. 4 R . [ -

ol
?
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lower' trachea of 6 smokers and 4 controls were processed for the
measurement of Reid index, which was determined according to the

procedure described by Thurlbeck and Angus (15).°

HSULTS

Persgistent mucus hypersecretion, 1~as;:1ng for ‘a Jeast the last two
months of exposure, developed in 8 of 9 smoking dogs. The pattern,:
how,e;rer, was quite variable. ' Figure 3.3 111ust;a'tés‘ the various patterns -
of mucus collection ra:e that develo;‘md in the 9 dogs. Each point
represents ‘the mean collection rate for 8 sampling periods qver a 4-week
intervalt. The pa\ttem was extremc;ly .variable. Three dogs illustrated in
Figure 3.3 showed a rapid increlase in mucus \flux, followed t;y a long ‘and
relatively stable pe::iod of hyperseeretion. Two othe“r <\!ogs showed an

apparent latent period of about four months before the ‘onset of

-

hypersecretion. : ) '

»*

In contrast, the other four dogs showed‘ only modesf. levels of
hypersecretion ovei the 10-month e‘xpos'u’re perioh. One dog in .par:ticuld’r«
{0MO1) aimwed an early\and a latée phase of elevated secretion level, but’
a long 1htermed.iate phase of hyposecretion. Another dog (2JD1) developed .

hypersecretion early in the smoke exposure period, but this had vanished

\

' by about 8 months,

In Figure 3.4 we summarize the observations in the nine
smoke-exposed dogs. The data.prcs-ented are the mucus collection ra\tes

over the, 3-week period prior to smoking and the last 4-week periéd of
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Figure 3.3

Mucus collection rates in the nine- smoking dogs prior to and during 6-10
months of smoke exposure. - Each data point is the mean of up to 16 values

o

determined over a 2-momnth interval. ) :
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Figure 3.4 .
Mucus collection rates in nine smoke—exposed dogs and five control dogs

prior to and during the last month of exposure. Representative standard
errors are indicated.
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smoke exposure (except for phase I dogs, where thée data pertain to the

. 2-week period after cessation of smoking). Each of the dogs, except ore,

"showed an elevation ov;ar its original level by the end of the smoke
exposure period; in five cases this was quite marked, and in the other
thz"’ee it was less so. One of the five controls developed a level of
hypersecr}at’.ion similar to that seen in the less susceptible s(mokers.

In the first 2-4 months of the study, the mechanical impedance
(_"viscosity ‘plus elasticity") of the mucus fell in all the smoking ::!ogs,
irrespective of whether they developed hypersecretion or not. This is
illustrated in Figure 3.5 for the seven dogs of series II and III. The

L%
mechanical impedance of tracheal mucus from four control dogs did not

change significantly aver the course of the study. By six months of
exposure the viscoelastic propérties of the mucus had returned to centrol

levels. .

In each of the smoking dogs, the galactose c:mtent of the mucus

. fell over the course of the study. Figure 3.6 shows the data for the
' seven dogs in second series II and III. A fall in the gglactosé assay

could indicaté s reduction in overall glycoprotein content, which could

be consistent with a fall in mucus elasticity. This appeared to hold in
the first two dogs exposed (series 1I), where we found a sing}e
relat;onship between mucus elasticity and galactose content (I-“ig:xra
3.7). In terms of mucociliary clearance, the mucus produced”would.be
moved slightly more easily by ciliary action, as predicted by frog palste
model studies (16). Howevery, in series II and IIl  dogs, which were

—

exposed for a longer period of time, the elasticity eventually returned
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to control levels, while the galactose contentt remaineé“ low. Thus for
longer exposures (6-10 months) the single relationship between elasticity
and galactose content did not hold. This suggests that in the longer
term exposures there wa:s a change in the nature of the mucus - either a
lower fraction of glycoprote;n assaying as neutral sugar, or a change in
molecular weight or in the nature of the crosslinking.

There was no significant change in TMCR over the course of the

smoke exposure period, nor was any difference observed between exposed

‘and non-exposed dogs G‘igure 3.8). There was 8 trend (0.05 <p < 0.10)

Err
to an increase in TMCR in exposed dogs, but this was matched by a

°

comparable ‘trend in the non-exposed group.

-
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Figure 3.5
Mechanical impgdance (G* at 100 rad/s) in seven smoke-exposed dogs over
the course of the exposure period. Each data point is the mean of 10-16
values determined over a 2-month interval.\/ﬁ‘e}cesentative standard

errors are shown for dog 2JDl. Mean values of G* (+ 1SD) for four

control dogs are also shown.
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{ Figure 3.6
Galactose content of tracheal mucus in 7 smoke—exposed dogs over the
course of the .smoke exposure period. Each data point is the mean of wup

to 16 values determimed over a 2-month interval.

~?
@ swkex --th elevated secretion level

O swoker without elevated secretion level

Galactose {ug/mg)
A S

>

- b



4
4.0 —~10
i N\
3.0 =1000
g -
— Q
. =
w >
§ w
2.0 100
{ '
1'6 1 - ] J 1 - I ! 1 ] 1 l
0 1 7 2 3 4 5 6 7 8 9 10 11

{6AL] , McG/MG

Figure 3.7
Tracheal mucus elasticity (G* at 100 rad/s) versus galactose content.
O-data from two ;moke-exposed dogs; O -data from three non-exposed
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Figure 3.8

54‘1"

Mucus collection rate prior to and after one cigarette in two dogs
various times over the course of 10 months of exposure.
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The values of Reid index are tabulated in the following table
{Table 3.1). The mean value of Reid index in smokers was higher than in
non-smokers, although there was considerable overlap and the difference

was not statistically significant.

TABLE 3.1. Tracheal Reild index in smoking and non-smoking beagles.

Smokers with greater than 5 x secretion rate Reid index
9AE2 K 0.32
9cL3 ‘ - 0.39
9CQ2 ’ 0.4?
Smokers with 2-3x secretion rate
9AC1 . ) 0.29
oMol 0.42
oMO2 - ) 0.28
Non-smokers ’
KG71 . ' . 0.36
9BP1 ' : 0.24
0MO3 - S 0.43
9ACA 0.30

The carboxyhemoglobin levels attained after the tenth cigarette in
the smoking dbgs were quite high -‘14.51 + 3.2% (SD)(H-%6). This
compares with 1.2 + 0.5% (¥=6) in non—;praed dogs and 1.1% + 0.7% (N=10)
in smokers prior to the day's exposure. No systematic differences were
noted in COHb level after 10 cigarettes between dogs, nor within dogse,
between 4 and 9 months of exposure. There were also no significant
differences in total Hb content between samokers and non-smokers (15.8 %
1.1 g/d1 for smokers betwe;en 4 months and 9 monthsYGf exposure versus

16.5 + 1.7 g/d1 for non-smokers).
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It should be.emphasized that these ablterations in secretion level
are chronic rather than acute. In the dogs in series II, we compared the
mucus collection rates before and imn;adiately after the first cigarette
of the week on a regular basis, wi/th the assumption that the cigarette
would act as a standard acute irritant. However, except perhaps for the

first few exposures, there was no significant difference in quantity of,

t - ,;
mucus collected after the first cigarette versus the amount prior to it.
Figure 3.9 illustrates ths data for two dogs; the data for the othep two

were comparable. There were also no significant differences in the

galactose 'assays of these mucus samples. Furthermore, there were no

differences in either the collection rate or galactose content of mucus

obtained on PFridays, after 4 days of smoking, versus that obtained on
Mondays, after 2 da)’rs of non-exposure. _Finally, the mucus collection
rate in the two weeks following the end  of the expaosure‘ period was

comparable to that in the last four weeks of smoking.
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DISCUSSION

The lack of change in TMCR with chronic smoke exposure (in fact a
slight increase) is at vﬁriance with the observations of Wanner et al.
o, N &
(8),  who reported a significant decrease in TMCR after 12 mohths of

exposure to 20 cigarettes per day via a face mask. The difference' in

findings could be due to the higher nomlnal cigarette dose used in the

" latter Btudy, although it had been assumed that 10 cigarettes ‘per day via

<

S~

L
filtering action of the upper airway. In any case, the lack of change in-
. L
TMCR 18 consistent with a number' ‘of factors asscciated with the present

3

study, including the  favorable alteration in mucus rheology, implying

that the cilia, although more loaded, were preientqd wi,ih mucus that was
i

more eagily cleared. In fact, the way in which our dogs responded to the.
insult t;y alterations in both quantity "and quality of mucus might. be

interpreted as evidence for a&alprotective mechanism preventing major

o &

J 13
damage to the nfmy epithelium or the parenchyma. With higher doses of
smoke or more prolonged exposure, the mucus overload might become too

great, leading to & cycle of reduced clearance rate, - infection, ' and

danage. ) ‘ TS Coe
, .

\}(’ho carboxyhemoglobin level, as in index of smoke exposure, was

cansiderably more elevated than that reported by Park et al. (9) and

®

{ndicates that the dogs were expoae(d to regular periodas of hypoxia.

. Despite this fact, they did not show ev:lQencel of the polycythemia

reported by Auerbach et al. (4). The reasons for these discrepancies of

response ‘are not dapparent.

i
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The relative independence of %he variables relat}n; to mucus
secretion and clearsnce is 1t°ttereating. The alterations ?\im mucus
vigscoelasticity and th; galactose content in the first four months of
expoaufea are consistent with the secretion of a more dilute glycoprotein
matrix For the dogs that did not develop major hypezseccetion. tha
totsl glycoprotein output was probably not much chalnged i.e., most of
the excess volume of mucus could be attributed to increased water
gsecretion. In the doge that developed mijoi‘ hypersecretion ( > 5x

control), the fall .in galactose content was far less than the rise in

"aoci‘etion volume, indicating that id these dogs, total glycoprotein
output probably increased.
The d&issociation batween the galactose assay and viscoelasticity

'3

. ‘ £
in more prolonged exposure guggaests an alteration in the biochemical

nature of the mucus secreted. This cc;uld certainly be consistent with .

the secretion of a more acid glycoprotein,, as ‘haa been reported for smake

or so exposure (5,6). 'rhig‘ aspect ig worthy of further study. .
The - fact that THCR changed very 1little if at \all pver the course

of the smoke exposure Ppriod, while the mucua collectlon: mta varied

widely, indicates that mucus collection rate, in this series, is a

L

- ‘reasonable indicator of secretion volume. It also showed that the

ciliary system remalned intact, or at least functional, and suggests that

the cilla are capable of handling a wi‘ﬂe .range of loads. before

P Al

*

mucqciliary dysfunction 'ocecurs.
The lack of any correlation between the mucus hypersecretion and

the Reid index is somewhat surprising. It might auggest that the
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increbsqd mucus production is due to goblet cell hyperplasia rather than

o glandular hypertrophy. Mucus occluding the lumens of small airways was

observed frequently in smokers but not in non-smokers, but an examination

of two extremn cases - a smpker with considerable hyxéersecretion and a

\

BN

‘non-smoker with no chainge in production failed to reveial any apparent

excaesg of goblet cell numbers in the small alrways. Thle might suggest

that the mucus hyﬁersecretion was dhe to structures intermediate between

the small airways

* W

and the' trachea. Another possibility 4is that the

excess mucus production was due mainly to an’increasea in production rate

1 ~

0 rather than an'inéreasé in productioh capacity. Finally, the alteration

.

i

1n mucus quantity could arise from a "difference in mucous gland cell

t.ype. with thoce wlth 8 hi.gher volume output being favoured.

t

In aummnry. we have shown that chronic mucus hypersecretion can be

da\{eloped in dogs with 6 to 10 months’" exposure to whole zigarette‘ smoke

via a tracheostomy.

The hypersecretion is highly variable but relatively '

stable, lasting for at least two months, so that smoke-exposed dogs can

1

[

be used in studies of pulmonary_func’:ion, requﬁ%ns animals with elevated

secretion levels.

~7
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Chapter 4

. A_STUDY OF EBLASTIC RECOIL AND PA%E&é AL MORPHOLOGY

* IN CIGARETTE SMOKING BEAGLES
»
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ABSTRAC

Ten tracheostomized beagles were exposed to cigarette smoke for
periods of time ranging from two to ten months. After an initial run-in
period, each dog smoked 10 cigarettes (20 mg tar, 1.2 mg nicotine) a day
over 2.5 hr., 5 days a week. Using a poiht count system, an index qf’
parenchymal destruction D.I. was obtainegg{and compared to s mofle widely
used morphometric index Lm. Quasi-static P-V curves wére obtained in the

m prone position from smokers' and sham smokers at 2, 6, and 10 months of
exposure. P-V data between TLC and FRC were then fitted to an exponen-
tial function of the form V = A—Be'kp. using an rz optimization
procedure, and from the computer fitted curves the half-inflation pres-
sure h, ﬂe exponential constant k, ’gnd elastic recoll pressure at 90%
TLC were derived. Although Lm did not differ significantly in the 10\
-month smokers and sham smokers, sig}xificant differences between the DI of

oo M and ¥ all

demongtrated (g‘< 0.05) significant diffet.-ences in elastic recoil in the

the two 10° month groups (p < 0.05) were found. PL

10 month smokers and sham smokers though neither of the three correlatedn
with Lm or DI. Of the three tests k was found to be the best predictor
of loss of elastic recoll. These findings suggest that 10 months of
exposure to tobacco smoke is sufficient to demonstrate a significant loss
of elastic recoil. Our results also suggest that DI is a more sensitive
7‘ index thgm Lm i detecting and quanti’égting early parenchymal changes

associated with cigarette smoking.

Key words: cigarette smoke, elastic recoil, parenchymal destruction, and

exponential analysis.
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INTRODUCTION

The pulmonary abnormalities produced by or associated with
I

cigarette smoking are multifactorial. These include abnormalities of

t

micus clearance (1-4), alterations in pulmonary epithelial structure

3

(5,6), sirway reactivity (7,8), and changes in pulmonary vasculature

(9-11). These changes are clearly recognizable when the disease 1s

" already well established but the order of development and the interaction

between them is not ;ull); ;mderstood. It is thus important to develop an
animal model of tobacco smoke injury that enables the investigator to
study the natura.l progression of the disease and allows to study
morphological~function correlates in the early stages of the disease,

The effects of chronic exposure to tobacco smoke in dogs have been
doscribed. Auerbach et al. (12,13) examined the effects of smoke
exposure in tracheostomized dogs and found extensive morphological
changes in both parenchyma and airways. Frasca et al. (14) ’found
extensive changes in parenchyma, in particular an increase in the number
and size of fenestrae. Park et al. (15) u;ing a face mask delivery
system found modest changes ir; FRC and pulmonary resistance after one
year of smoking. No parenchymal chang;s were found however in the
canines.

Variqus attempts have been made to study pulmonary function in
human smokers. These studies however are for the most part cross
gsectional in nature and not longitudinal. Investigators have looked at
such indices as' elastic recoil pressures at standard volumgs, forced

expiratory flows, and the pressure-volume relationship of the lung.

-
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Pulmonary compllance hgs been used to analyze the recoil properties of
the lungs by measuring the slope of the deflatior‘l liﬂ’lb of the P-V curve
in the tidal range. ‘The compliance expresses the volume change per unit
of pressure change in L/cmHzo. Probléms, however, arise by the use of
chord compliance when comparing different individuals and when con;paring
healthy versus diseased :subjects. The first problem arises from the
direct comparison of recoil properties of individuals of different s;x.
height, weight, and lung volume. Compliance measurements are further
complicated by the curvilinearity of the pressure-volume relationship and
the use of 1linear approximations over 3 comparatively small volume
range. Predicted lung volumes that are based on anthropometric data are
subject to some variability hence age of questionable value in' making
corrections. . p

In order to bypass these di-.’fficulties Salazar and Knowles
introduced an exponential mathematical expression describing the ebastic
recoil forces of the 1lung (16).. They found the pressure—volume.
characteristics of the 1lungs could be described by the following
exponential function:. -

VvV =Vo (1 - e-kp‘), . (1) ;t
where V a;Id P are the actual ;Iolume and pressure data and Vo is the

maximal pulmonary volume measured from the resting position. The above

A

Q

"

expression can gccommodate volumes over the whole inspiratory capacitb

and does not require the use of FRC as a reference point. Due to th

LY

s ®
curvilinearity of the P-V relationship the curve can be visualized as

having an infinite number of /different slopes. The volume'change per
4

. f M

+ ~
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unit pressure change can thereforé be expressed as its derivative with

-
a

dv/4p tending to zero as the volume approaches the ma;timal pulmonary
L-/olume Vo. dV/dP is clearly then a function of the difference (Vo - V).
Salazar and Knowles expresses this by the following eq{xation:
o ' dv/dP = K (Vo - \}), | '(2)
where K = constant. If one assumes that V = 0 when P = 0, the solution

to ﬂgpe differential equation becomes

z V=vo (1-e ", ‘
which is identical to that given in (1). Vo represents the volume at
infinite pressure whereby dV/dP = O, and where Vo is greater than the
inspiratory-capacul:y. As previously men.tionedbthe P-V curve can be
fitted over the whole range of volumes above FRC. Below FRC, the data
deviate fro;n the exponential function, possibly due to airway closure as

+ well as artifact in the esophageal balloon meas'uremen?:s. produced by the

4 mediastinal contents.

[} R

~ By v'i:?tue of the exponen\tial character of the equation, Salazar
introduced the concept of the half—infllation pressure h, which can be
described as follows;
e—-kh = 1/2 or h' = ]:nz}k (3)%
o sin:e the half-inflation pressure h is independent of lung volume.‘ it is
Yo of practical importance., Salazar and i(nowles (16) demonstrated this from
¢ . data ta‘ken from Nissel‘ et al. (17) whereby the half-inflation pressure h
- re"m;ined uﬁchanged despite changes in absoluée lung volume. Salazar'

found no correlation between h_and such indices as FRC, height, VC, and

- . -TLC, Furthermore they found h to be constant throughout the IC'range.
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Consequently hw be regarded as an index of the stiffness of the lung
or more simply as an index of the steepness of the slope. Thus with a
smaller half-inflation pressure h, one would expect a steeper slope or in
other words less traf)spulmonary pressure necessary to reach a designated

o .

volume,

B Exponential analysis has been used to describe the effect of aging
(18,19) and to assess the loss of elastic recoil found in emphysema
patients (20-22). Paré and cog-workers concluded that the exponential
constant was the best predictor of- emphysema in individual subjects,
although failed to distinguish patients with mild emphysema ft}o‘lm those
without emphysema (22). Greaves et al. demonstrated a good correlation
b‘etween emphysema - grade and the exponential constant k on post-mortem
lungs (21). Berend et al., found a sim@lar correlation between k and
wemphysem grade ip excised lungs from patients with isolated tumors.
However, tests of elastic recoil (either k or chord compliance) were
ineffective in distinguishing patients with mild emphysema (score 50)
from those without, while diffu;ing capacity, particularly the fractional

uptake of CO correlated better with the degree ;)f emphysema in this range

(23). Gibson et al. using a similar analysis, found abnormally high

. values of k in patients with a clinical diagnosis of emphysema when

compared to controls (20). . .

The effect of smoking on pulmonary mechanics in this study was

~

asgessed by serially fitting the quasi-static pressure-volume deflation
curves to the single exponential function of Salazar and co-workers

(16). ' This method allows the computation of a shape facstor (Rk),°

Y
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interpre\nted as the bulk elastic constant of the lungs, which may be
cdmpared for each‘ dog before and after the smoking or control
intervention. In__addition, necropsy histological examination of the.
Jungs allowed the quanti{ative agsessment of the effect of smoking by
- comparing. the physiological data with the destructive index (D.I.), =
morphometric index introduced by Saetta et al. (24), which uses the
abnormal or destructive fg.nestration of alveolar walls as an early marker
of emphysematous change. So!me of- the dog lungs were also micro-dissected

R ";and prepared fu. scanning electron microscope studies.

The principal object\ive c;f this study was to,attempt to define and
characterize both mgrphblogiéal and functional changes in a chronic
canine model of ‘tobacco smoke injury. The exponehti&l constant Kk,

>

half-inflation pressure h, and PLgo were all used to assess- any

possgible loss of elastic recoil.

MATERIAL AND MﬁlilODS !

Seventeegvj normal beagles weighihg B)to 16 kg were selected for k\::/

study. Each dog was surgically prepared with a chronic tracheostomy a

then left for at least three weeks to recover. None of the dogs had any
indication of any respiratory infection® throughout the duration of the
study. A nun}ber of physiological studies fwere performed ;o establish
control values during a four month initialization period. Cigarette

smoke exposure began immediately after this phase of the study.

-



Smoke exposure method

The delivery system employed for the the study was similar to

others described in the literature (25). The dogs were trained to stand

quietly in a harness and accept a cuffed tracheostomy tube (Fig. 4.1).

" To generate smoke, a posi&:ive pressura ‘was applied to a 1lit cigarette by

cloging a solenoid valve through which a bybass flow of air normally
, ) . -~
passed. The solenoid closure period was set by a timer to deliver a

35 m1 bolus of smoke to the inspiratory line avery 20 seconds until the

L

Figure 4.1.
Smoke exposure system. To generate smoke a positive pressure is applied
to a 1lit cigarette by ¢168ing a golenoid valve through which a bypass
flow of air normally passes. Inset: View of dog in harness with cuffed

tracheostomy tube. B

To
Fume Hood

olenoid
Valve ‘ .
Flow Mate -
L X ) ’

-Mrlsmoke Timer
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cigarette was smoked to a standard butt length of 23 mm. After the smoke
- Y

was fed into the inspiratory line, the dog breathed d-mixture of fresh

air and smoke via a Rudolf valve with the expirate leading off into a

fume hood. The cigarettes that were used wera unfiltered 70 mm high tar,

7

high nicotine cigarettes (20 mg tar, 1.2 mg nicotine). The cigarette

dose was increased gradually over a run-in pericd of two weeks up to a

2 3
maximum of 10' cigarettes _per day," de;ivered over the ’course of

approximately 2.5 hrs, 5 days a week, for a ten—mon}h peribd of time.

All dogs ceased to smoke three to five days prior to the initiation of

the experimentdl procedures. L |

Pressure-volume curves
: ;

Each dog was studied wunder sodiur;\ pentoba{rbital (Nembutal)
anesthesia in the prone position. After being intubated with a cuffed
endotracheal tube & venous line was es;:ablished to maintain the level of
anasthesia. Measurement;s were made in a volur'ne &isplacement body
plethysmograph. Excursions in volume were obtained from the
plethysmograph by the movement c;f the wedge spiroine'ter which displaces
the core of a linear variable differentia;l transducer (LVDT). Flow at
the mouth was measured with a Fleisch No. "2 pneumotachygraph connected to

a

a Validyne (MP 45 + 2 "emH_0; Validyne Co., Noréhridge. CA) pressure

2
transducer. Transpulmonary pressure was obtained by ‘the electrical
subtraction of Pes from Ptr and was measured 'with a differential pressure

transducer (Validyne MP 45 + 100 cmHZC). An esopixageal balloon (5 cm

long; circumference, 1.44 cm) wacs attached to PE-200 pojl‘féthylene tubing

8 .
s
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- .
with multiple side holes within the balloon. The balloon was passed into

the‘ stomach and then withdrawn gradually until a negative pressure was

L]

recorded. The balloon was then poaitloned to record a minimum

transpulmonary pressure swing during an occluded  breath, Futther

-

adjustments were then made to minimize cardiac artifact. Balloon 'Tvolt\.\me

was :‘naint‘ained_ at 0.6 ml a&and checkedi ’periodically throughout the
¢

experiment. A second catheter (PE-200) with its elm; sealed, but ?lith
numerous side holefa in it:s terminal end was placed into t‘he "tracheal
cannula to measure ’ (;,hange's in tracheal pressure. All aignal;; were
recorded on a Hewlett Packard ‘8-channel recordetl. Functional residual
capacity (FRC), defined as ,the lung’ volume at end expiration during

spontaneous breathing, was determined by the method of Dubois et al.

¢

(26). To measure quasi-static lung preédsure-volume curves a system of

174 -
_electronically controlled solenoid valves was connected to a flow meter
and vacuum reservoir. This was used to inflate and déflate the lungs at

a constant flow. Afterla. volume history was obtained the dogs were

inflated ‘to TLC which was defined as the lung volume at Ptp = 30

cmHzo. From TLC.the dogs lungs were deflated at a constant flow rate

c;f 50 ml/min" to RV and then reinflated to 15 cmH O to relieve am.r

2

bronchoconstriction.

Quasi-static pressure-volume curves obtained as described above
were plotted on 25 x 38 cm graph paper and digitized manually, obtaining

at least 30 points to span the range of lung .volumes from TLC to FRC. °
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All P-V points above FRC were fitted to a single mono exponential

equation: ' ‘ \
V = Vmax - (Vmax - Vo) o KF

using an interactive least-squares technique on the original scale

P .

(noh~transformed) data. . Adequacy of fit was tested by computing rz.

\'th‘¢ residual varlance,’ and in selected cases by the runs test. This

mathod of analysis px:ovided a satisfactory fit in the majority of th PV.
curves. Values for the trans}aulﬁ\onary prez;sure at 90% of measured TLC
(PLgo) were derived from the computer plotted curves alon'g with h,. the
half-inflation pressure and Kk, theuexpon.entlal constant describing the
ghape of the curv'e. mata was subjected to statistical analysis using
pair‘ed and -unpajired two tailed t-tests. A value of p < 0[.05' was
considered gignificant,
orpholb; . N

All  specimens were fixed with 10% buffered formalin by
intrabronchial infusion for at leaatTAB hours” at a constém:. distending
pressure of 20 cmHzo. The lung‘s were then sectione(; sagitally and
random templates obtained for 1light microscopy and scanning electron
microscopy. The parenchymal destructive index (DI) was calculated for
the two groups by light microscopy, using a pqh;t count method to

quantitate the percentage of destroyed space as a fraction of the total

alveolar and duct space (Saetta ‘et al. 24), The mean linear intercept

(Lm) was also determined for the smokers and non-smokers.. .Pieces of lung

A
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parenchyma adjacent to those taken for light microscopy wara further
dlsaected to expose the terminal bronchiola and distal alveoli. The
specinens were then fixed in gluteraldahyde and then dehydrated with

gi-sded\acetone solutions. After dehydration specimens were dried by, the

crirical point method of Wang and Wel (27) using 1iquid l:o2 and thén,

» LN

motmted on alumlnum blocks for sputtering with a gold—palladlum mixture.

=

,
—
-
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RESULTS
. The. quality of fit for most dogs was very good (Fig. 4.2) over the

volume renge uéed, ‘both with regard to the reduction of original variance

(r2)‘ as suggested by Salazar., and Knc;wles (16) and on visual

inspection. At least three P-V curvés were obtained from each dog at

.

control, two, six, and ten months of study. With few exceptions,

£ e -

\ Figure 4.2
An ‘example of P-V relationship derived by fitting the original non-
transformed data to an exponent’ial function (dog 9CQ2, control). Data

' points between TLC and FRC were fitted to the curve.

»o
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individuali P-v curves were highly reproducible in each dog. The P-V
relationships derived by fitting the original nontransformed data to the

monoexponential‘ function demonstrated a significant Jloss of elastic

&

recoil in thé smoking group at 10 months of exposure. All of the tests

used (PL _h, k, gnd DI), except Lm, separated the 10-month

90’

non-smokers from the smokers. The individual data for PL DI, Lm, h,

90°*
. and k are summarized for the two groups at 10 months in Table 4.1. The

I

. Table 4.1
Definition of abbrevi:ations: DI - _destructive fndex; k - bulk elastie

\

constant; h —~ half-inflation pressuée; PL, - transpulmonary ‘pressure

Lo

90
at '90% of measured TLC.
/ p | J
DATA AT TEN HONTHS OF STUDY
10 MONTH SMOKERS PLS0 H X bl 1]
(N7) \ ) '
T 9.25 298 B3 8.6 158 -
ol 9,24 .82 M6 6.6 A2
0402 10.42 333 208 9.8 4y,
9002 1097 - 3,66 .70 16,6 J64
- log2 9.02- - 330 .0 206 -
2401 12.25 459 51 9.5 S .
24L1 < %.95 M 2% 8.0 X

s

| 9.88:1.43  3,804,59 209,03 11.39+5.2 .148=,017
10 MONTH NONSMOKERS - .

( h=b) .
98Pl 0.39 8 B 30 132
oMo3 12,85 438 09 6.1 155
9ACH _ 15.44 485 3. 5.8 153
2003, . 1082 .. 400 A 7.5 o

(I —— ; -
12,4:2,29  4,27=.45 .164=.02 5.6=1.89 :l'lﬁt.OlZ -
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mean-initial pre-exposure values for PL k, and h were not

90’
significantly different between smokers  and non-smokers. The

half-inflation p::essure h, which, represents the treuspulmonary pressure
needed to inflate the lung to 5501. of the maximal pulmonary volume from
the resting volume Vr, and was gignificantly smaller (p < 0.05) in the 10
month smokers when compar??d to the non-smokers. The mean half-inflation

pressure h for the smokers was 3.40 + 0.59 cmH, O and 4.27 + 0.45

2
cmH20 for the non-smokers at 10 months. The exponential constant k, in

the 10 month smokers was. significantly higher (p < 0.05) than the

.non-smokers. The mean value of k for the smokers was 0.209 + 0.031

-cmnz,o‘1 and 0.164 + 0.017 cmuzo'1 for the non-smokers at 10

months. The mean values of k for the non-smokers are higher than the

o

values given by Haber et al. (28) in excised dog lungs filled with air.
PLgo was significantly lower at ten months (p < 0.05) when compared to
the non-smokers. Of the three physiological parameters used to assess

loes of elastic recoih/kﬁgﬁthe most aen‘siti;re and rem;lted in the best

: 5 o ' o ° 2
soparatidh of the two groups. The mean value of r was 0.99 and most
of the P-V relationships passed the runs test. There was no significant

2

difference in the mean r values between smokers and non-smokers and/f
fatherm h, PL__,

ermore 90

The (exp’onential constant k correlated well with both 'PLQO (r = 0.843,

- N /
and k were all highly reproducible in both groups. .

s

p <0.01) and h (r = 0.981, p < 0.001) respectively.
{ 4

Sevéjt'al of the dogs that were studied were immature at the time of

first study (10-10 1/2 months), and it was apparent that their P-V curves

were of different shape than older control beagles. When we analyzed the

)
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P-V curve data in terms of ‘absolute age, we found the relationship

“1llustrated in Fig. 4.3. The mean k values for the seven'dogs studied at

4 age 10 or 10 1/2 months was significatly higher than mean k value for

beagles over 1 year in age on first study (0.225 + 0.021 versus 0.186 #+
0.019, p < 0.005). The control data for (first study and sham smokihg)
N

Figure 4.3

Bulk elastic constant k versus absolute age. Open symbols refer to
non—sméking or ‘sham smoking dogs. Filled or partially-filled symbols
refer to smoking dogs. Solid lines inicate serial data' in individual
dogs. The dashed line is the line of best fit for all control points
greater thah 12 months. '
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described a nearly horizontal line with a slight downward slope (r =
-0.18, slape = -0.00044). Six of the seven data points for k at 10
months of smoking lay above the line of best fit. Furthermore, in six of
the seven smoking dogs, the line of best fit (ignoring data for less than
1 year) showed a positive slope. All four non-smoking shams 'shc?)wad a

slight negative slope over the same time frame. The difference is

r

significant.

DISCUSSION
It is generally believed that cigarette E;noking can lead to the

d,e)elopment of emphysema in certain people. Previous investigators have

attempted to correlate lung function and emphysema by making either in.

vivo /measurements of pulmonaryd function in patients with a c}inical

¢ .
diagnosis of emphysema or by the analysis of postmortem excised lungs or

lobes. The anatomical destruction of lung parenchyma in emphysema has
been related -to the functional loss of elastic recoil preskure. Our

study tested the ability of 3 tests (PL9 k, h) to assess any early

6:

loss of elastic recoil pressure following ten months of cigarette smoke
exposure and to relate these changes to two morphometric indices of
parenéhymal destruction (DI and Lm). Investigators Thave already

demonstrated a decrease in lung elastic recoil with advanced anatomical

o

emphysema (29,30). In this study, we investigated the changes in lung

elastic recoil associated with cigarette smoking in an equivalent model

of a seven pack year smoker. .

s
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The first attempt to describe the P-V curve by a Inathématical
function was done by Salazar and Knowles (16). Niewoehner and co~workers

on the other hand proposed a different exponential model with two

a

independent constants describing ‘the effects of elastic behavior and size

~ . .
on the P-V curve (31). Paiva and assocjates used a sigmoid makhematical

model to describe the P~V curve and found it resulted in a batter fit
than the currently used monocexponential function used in this study and
first proposed by Salazar and Knowles. For the expiratory curves Li’le

‘model of Paiva provided a significantly better fit than that of Salazar

in 20 young subjects (32). ¢

In our study, the Salazar equation provided an accurate
!
description of the deflatiomr limbs of the P-V relationship over the range

of volumes used. This equation provided a better fit than did the model

of Paiva and associates (32) as was determined both by visual. inspéction

_and by the reduction in variance afforded by the theoretical P-Y curves

*

(Fig. 4.2). (MNumerous studies have demonstrated a loss of elastic rec"oih

with age (18,19,33-36). A decrease in elastic recoil has also been

!
demonstrated in excised lungs with a mild grade of emphysema less than or

equal to 5 (36). Our results indicate that significant changes occurred
]

in elasté:‘ recoil in the 10 month smokers when compared to the

\5

non-smokers even though the smokers had' no indication of emphysema in the

classical sense, i.e., airspace enlargement, since Lm was normal.

Greaves et al. found that the exponential c[mstant k was related
.

te the mean linear intercept (Lm) which attempts to define mean alveolaé

.
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diameter in the maximally inflated, liquid filled lung (21). The mean
linear intercept of four smokers and four no;\—smqkers (Table 4.1) showed
no significant difference between the 10 month smokers and non-smokers.
A maj(')r ligitation in the usefulness of the’ Lm in quantitating emphysema
is that increased dilation in the absence of destruction leads ‘to an
increase in Lm unrelated to classic emphysema. One also tends to find an
increase in Lm in an aging lung with non apparent parenchymal destruction
(21). In this sfjudy we compared DI with Lm in a series of 1lungs of
smokers and non-smokers, and :n addition made a comparison between DI and

the three parameters studied (h, k, and PLgo). The destructive index

(bI) separateq the 10 month smokers from the controls (Table 4.1). DI
‘however was not found ta correlate significantly with either the half

inflation pressure h, the exponential constant k, or PL perhaps due

90’
to the small range of DI values determined. Saetta et al. found DI to
correlate best with PLQO and found it to be a far more sensitive test
in distinguishing the smokers and non-smokers when compared to Lm (24).

, The exponential constant k is beneficial in that it is independent
of lung volume and uses a much greater range of volumes than do other
convéntional means like chord compliance. This study confirms the
observations-of Paré et al. (22) that k the exponential constant was the
best predi;:tor of loss of elastic recoil in the smokers when compared to
eithc;r h or PLgo' Berend et al. (23) found the use of k did not
improve the discriminatory power of bthe P-V curve to detect emphysema.

In fact they found measurements of diffusion such as Fco to correlate

best with the grade of emphysema.
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The values ‘of h obtained here for our control dogs are smaller
than those calculated from the figures presented by Wohl and co-workers
(37). 1t must be emphasized that these authors did static P-V curves
instead of quasi-static P-V curves and may have 'employed a different
technique of fitting the data. The hali-inflation pressuré h, igp"arated
out the 10 month smokess from the non-smokers (p< 0.05) but failed to

correlate with DI. In an unpaired t-test for the individuai 10 month

data PL90 was sufficiently sensitive to separate out the smokers from

the non-smokers (p < 0.05). Saetta et al. (24) found DI to correlate

best with PL90 (r = -0.61, p < 0.05) in a study of 23 human smokers

whereas in our own study in beagles it did not (r = 0.096).

Numerous investigators have suggested other methods to correlate
pulmonary function witl; postmortem or post-surgery morphometric -
measurements of emphysema. ;urrows et al. (38) found measurements. of
diffusing capacity correlated well with emphysema grade whereas the
studies of Boushy et al. (39) and Park et al. (29) Econcluded that the
bedt predictors of emphysema were diffusing capacity and stati.c recoil
pressures combined tpgether.

Frasca et al. (14) produced pulmonary fibrosis and emphysema in a
study in which tracheostomized beagles were exposed to cigarette smoke of
higher tar content than our o’wn for 7 days a week, at a peifk dPse of
seven cigarettes a day for a maximum per.;iod of 4 months. Examination of
the lurngs by scanning electron microscopy revealed subpleural enlargenient

-

of air spaces and widespread air space enlargement with scattered tissue

a

destruction in all lobes. In view of these resdlts\we might have

-
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expected comparable changes at the very least in view of the fact that

our dogs smoked for a longer period of time. Examination of t:he electron

) 4 8

micrographs (Sm)cprm’dded by ‘Frasca et al. (14) demonstrate in a rather
striking way that despite a slight increase in the number and size of
fenestrae in our 10 month smokers they appear to be ng more sffecté}d than
jthe controls in the Frasca study (Fig. 4.4).

In conclusion, our results are consistent with the idea that, with
10 months of cigarette smoke exposure, the exponential c;mstantak, the
half inflation pressure h, and PL were ail able to demonstrat; a loss

90

of elastic recoil pressure in the 10 month smokers when compared to the
N N

’10 months controls. K was’ the best predictol of logs of elastic recoil
but d4id not correlate with a morphometric index of _pa}renchymal
destruction, DI. The mean linear intercept (Lm) failed to distinguish
smokers from non-smokers at ten months dueﬂto considerable overlap in the
data. Examination of the data of Frasca et al. (14) reveal that
considerable parenchymsl damage was produced in their beagles whereas in
our own study results of the scann;.r\;{g electron micrographs denonstrate
only slight alterations in a model whefe the .canines smoked for a longer
period of time (10 months as opposed to 4 months). The Saiazar equation
proved to be an effective means of assessing early loss of elastic recoil

* pressure in our chronic model of cigarette smoke expo‘sure.

\ 5
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(a) Electronmicrograph of
alveoli of a shdm-smoker,
showing numerous fenestrae.
(x 200) (from Frasca et al.)

-8
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Figure 4.4
Electron micrographs taken from smokers and sham-smokers.

~ (b) Electionmicrograph of
alveoli of a 4 month smok-
er. Alveoli appear distor-
ted with numerous fenestrae
bridged by delicate strands .
of tissue. (x 200) (fram
Frasca et al.)

.

i

™ gt X
’,h

(c) Electronmicrograph of alveoli of a ten
month smoker from the present study (dog
9CQ2). The fenestrae do not appear to differ
significantly in number or size from the: sh-
am-smokers of Frasca et al. (x 300)
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Our results indicate that in an equivalent model of a seven-pack

year smoker, there is a signif icant loss of elastic recoil asg determined
v
by three indices of pulmonary function. The transpulmonary pressure at

90% TLC (PL 90), the half-inflation pressure (h) z;.nd the bulk elastic
constant (k) were all used to assess loss of elastic recoil. We related
these changes to two morphometcic indices of parenchymal destruction (DI

and Lm) and tried }d‘ establish a correlation 'between the loss of

functional elastic recoil and paranchjmafl destruction. ) g

L4
Pathological studies on lungs obtained ftom human smoker:

demonstrate a clear relationship between the number of cigaret‘tes' smoked
ar}d the duration of tobacco gxposuré to the degree of ex;\physema and
pulmonary fibrosiad(l,Z)t short-t exposure to cigarettes has been
found to produce certain morphological qlteratloa{ often seen in models
of - experimental :mpt;ysema. "The enlargement of interalveolar pores into
fenestrae has bqe;n described in the literature (3). Examination of

—month smoker” (dog 9CQ2) show -that

electron micrographs taken from a
the fenestrae do not appear to differ\ significantly in number or size
from the sham snpokers'“gf this study and from the sham smokers of Frasca

et al. (3). Pulmonary fibrosis and efiphysema were produced in .beagle

dogs ‘ﬁy direct inhalafion of cigaretie smoKe over a four month period of -

time in the latter study. Our ilure to find equivalent morphological

evidence of 'emphysema and pulmondry fibrosis iii our findings leads us to

believe that our dogs were less)\vulnerable to the smoke eXxposure than
/U:

Frasca's d‘ogs. Since the doses re comparable we would have axpected

1
‘

gimilar results otherwise. Since fenestrae faave been shown to coalesce

, ‘

L §

Y
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together (4\,5) possibly leading to the dilatation of alveolar ducts and
respiratory bronchioles it was important to observe if these results were
found in our model and, 1if found, to see if the dilatation gcould in turn

result in the shortening of interalveolar septa and the enlargement of

D)

alveoli as has been already described in the litersture (4).°
Close examination of alectron microéraphs taken from the smokers

and sham smokers from the present study support the hypothesis of Saetta
. 5 .

et al. that alveolar walls are first destroyed and then \tt:ere is
;glargement of ailr spaces (6). =

> On this basis one cguld expect to measure abnom‘al values c\ufoDI

- when Lm was still within normal limits. our findings sﬁpport the aboge

hypothesis\ in that there were significant differences in the destmctive{

. A
index (DI) at ten months of smoke exposure when the values of Lm were

very similar for both groups. One important yariable in the methodology
of Lm deals with the degree of inflation at.the time of fixation. If the

lung is too emphysematous it will tend to overinflate and if it is )

slightly fibrotic it may underinflate. Despite numerous attempts to deal

with this problem no wmethodology 'is at present availgble to insure
“ vy

perfect inflation. Because the DI is a ratio 4and therefore
3
dimgnsionless, it is less affected by minor differences in inflation

»

(6). In the study of Saetta et al. DI washfound to correlate best with

the PL. 90, whereas in our study it did not correlate significantly with
S

Tm

either PL 90, K, or h, }perhnps due to the small range of DI values

determined. Regardless of the lack of correlation it is interesting to

f‘
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note that Berend et al., demonstrated that changes in elastic recoil may

occur in the absence of anatomical emphysema in smokers (7).

Es

Thus, it would appear from our results that subtle changes in the

DI may in pgrt have brought about a functional loss of elasti; recoil.
In v}ew of the lack of correlation between DI and.the three paramgters
(K, PL 90, h) we acknowledge the possibility that loss of elasticity and

snatomical destruction may prog%ess along non-parallel pathways and may

be related only coincidentally, as has been suggested by Thurlbeck (B).

Single exponential functions have been used tu improve the

quantitative representatioh of elastic recoil in static or quasi-static

P-V curves. Since the volume reached at any give PL is dependent on the

» L24 .
retractive properties of the lungs, fitting an exponential to the -data

~ L4 ,
+parmits one to expr’ess the measurements in a form that is independent of

lung vc‘:lume. The overall pressure-volume curve, and the exponential
~function fitted to it pemit‘?uaﬂtiﬂcation of the continuous change in

s

slope of the P-V curve in funits of cm 1_{20'1. Glaistér et al.
concluded that thc; use of chord compliance was unsatis’facté)ry due” to the
non-linearity of the P-V curve (9). One distinct advantage is that the
bulk elngtlc constant K describes the behaviour of the P-V curve ove;- the
entire inspi::atory capacity range. We found no %ortzelation between K and
either.DI or Lm in the smokers at‘) ten months intervention but 'did find K
to be & better predictor pf loss of elastic recoil than either PL 90 or

, .
h. The half-inflation prassure (h) separated out the ten-month smokers

from the sham smokers but failed to correlate with any of the

-

morphometric indices.

<’

)

\
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In. our study, the Salazar equation ptovi&ed accurate and highly

reproducible fits on the original nontransformed data. 'The quality of \_

fit was good overall, 'as determined either by'visual inspection or by the

residual of va‘rigx?ce‘s (rQ). Our initial attempts at using logar:izatmic'
transformations produced paoor results, with the exponential fit deviating
systematically at lower lung volumes. Thogse of a sigmoidal fu:nction also
proved to t')e problematic, with the computer-fitted curves deviating at
lower lung volumes as well. S ' ’4

A value of K ;bove the nortial range is condidered to be indicativc:
of loss <.>f elasx:ic recoil. However, it could also indicate incomplete

4

maturation. When K was plotted as a_function of absolute age in the
¥

N &

seven smoking beagles prior to smoking, four shsm controls, and four *
other ,controls, the exponential const:;ant in these non-smokers was
signiflcantiy higher in the young_ §oés (less than one year) than in the
older dog; (over 1 year old,at the time of f/lrst study). Therefore data
for dogs less tr}ap ‘one year old were eica/luded from further anaiysis.
Bised on the remaining- data, of the seven smoking dogs, six showed , an
upward treﬁ(ql in X, and the values after 10 months of smoking ended up
abt;ve the best fit li;ne of the non-smokers: ,Thus, once the P-V curve
data were analyzed according to the absolute age of the dogs, it became

apparent that there was a significan'; ‘difference in K between the

«
!

ten-month smokers and age-matched sham smokers.

The above results indicate that significant changes occurred in

S

elastic recoil in the teq‘—mbntp smokers when compared to the sham

é¢mokers. This loss of elastic r/e,coil occurred in the absence of air

£
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space enlargement, since the mean linear intercept was normal. Since DI

is derived by point-counting alveoli and alveolar duct spaces surrounded

by destroyed tissue as a percentage of total space, it is reasonable to
conclyde that changes in DI will precede changes in Lm. The range of DI

(8.0-20.6) is well below the range reported in human smokers (6).
~ 9

In summary, we have demonstrated that ten months of cigarette
LS

amoke exposure in tracheostomized beagles is enough to cause alterations

in the DI but not the Lm. Ten months of exposure is also sufficient to

>

lead to a significant loss of elastic récoil as measured by K, PL 90, and

h. Sinc )the loss of elastic recoil is out of prop_ortion to the damage
‘ /
gseen we conclude that there might be other underlying mechanisms involved

*
»

H

to acdount for tﬂe loss of elastic recoil.

Changes in tracheal mucus clearance rates have been studiedd in !
humans and in animal modelg. Experiments conducted in animal’ models and
w studies have often yielded conflicting results and conclus’ions.
Recent studies have demonstrated either a reduction in mucus transport in

smokers (10,11), an 1ncreas.e in clearance (12,13), or no change in

"

. bronchial clearance rates (14,15). Variations in expfcimental technique

and expogure period make it difficult to compare the results and

’concluslons from these studies.

In our study thé data obtained from the smokers demonstrate np
difference in clearance rates between the smokers and.non-smokers. This,
is in shar;) contrast to the findings of Wanner et al. (16), who reported
a significant dec;ease in tracheal mucus clearance rates. In their study

beagles were exposed via a face mask for a period of twelve months. As
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far as the tracheal mucus clearance rates are concerned we did not
observe any stasis or stagmation of pooling of mucus in the large
airways. Since the Vbeagles in the present study smoked’ via a

tracheostomy, ‘thus avoiding the filtration act?on of the upper

<

respiratory tract, we can only speculate that the differences in tracheal

t

mucus clearance rates between our study and that of the latter one lie in
“

experimental "technique or more probably are due to alterations in mucus

- rheology.

It appears. from the results -of the present study that tracheal
mucus clearahce can be affected by both tha quantity#“and quality of
gecreted mucus. Our results indicate t?':at an increase in mucus
production may not be detrimental providing the mucociliary transport
system is intact. Dulfano et al. observed a decrease in viscosity and an
increase 1;1 elastic recoil values during periods of clinical stability in
chronic bronchitics (17). The results of the present study demonstrate
that in the first two to four months of the study the viscosity fell in
the smokers. This is of benefit to the smokers since recent rheological

studié\s demonstrate that mucus of high elasticity and low viscosity is
best suited for optimal clearance (18-19). g
Despite persistent mucus hyﬁue:‘secretion in eight of nine smokers,

there were no significant change in tracheal mucus clearance rates in the

smokers of the dogs that developed major mucus hypersecretion the fall in

*

galactose content was in comparison, far less than the rise in secretion

volume. The decrease in elasticity observed in the first two to four

months was later found to rise back to the control values at six months
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of studying the smokers. We conclude that the alterations -in mucus
viscoelasticity and galactose content during the first four months are
consistent with our observations of the secretion of a more dilute
glycoprotein matrix;& Thus, the cilia, although more loaded were capable

-

of clearing the more dilute glycoprotein matrix in the smokers studi‘ed. '-,:

The observed alterations in both quantity and quality of mucus may
be a -protective mechanism triggered by the chronic insult. This
protective mechanism may also explain the near—absence of parenchymal
damage and the lack of change in Reid index in the smoxers. with a

higher dose of tobacco smoke or a more prolonged exposure, the rate of

bronchial cleat‘a'nce could be compromised by an excess of mucus

»

production. Abnormalities in tracheal clearance rates may then in tuen
lead: to mucus plugging, denudation of epithelium and a decrease in both
the nu;nber of ciliated cell:s and the mean ciliary length in the large
airways. 'a

With short-term exposure to cigarette smoske there was a decrease

in both mucus elasticity and overall galactose content, whereas with

longer exposure petiods (more than six months) there was a disassociation
between the mucus elasticity and galactose content. A rise in mucus
elasticity would be consistent with a rise in overall glycoprotein
content. This however was not the case in that after six months of
study, the galacto_s"e content remained\ low, whereas the elasticity rose
back to the control values in the smokers. We suggest that this
dissociation between rheology and galactose content is due to a change in

the chemistry of the mucin secreted.

‘:!
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Although eight of the nine develo‘ped mucus hypersecretion, tlfere
was no significant difference in the Reid index between smokens and
non-smokers. This discrepancy may be due to goblet cell hyperplasia
rather tha;x the glandular hypertrophy as seen in human patients. We
might further attribute the hypersecretion in the smokers to an increase

4
in production rate rather than to an increase in production capacity.

Reid found an increase in goblet cells in rats exposed to tobacco smoke'’

for a six week period. The increase in goblet cells was dose dependent
and was most prominen;: in the proximal intrapulmonary airways (20). We
cannot explain the absence of this effect in the smoki(\g dogs.

In conclusion we have developed a reliable and reproducible model
of mucus hypersecretion with six to ten months of cigarette smoke
exposure. Although highly variable at ti'mes, therhypersecretion was for
the most part stable throughout the present study.

The effect oi" smoking on airway responsiveness has not been
cle;rly elucidated in the literature. Our data suggest that smokers have
decreased airway responsiveness when compared to sham smokers. Recent
stl:dies suggest that increased’ airway responsiveness may be due to airway
epithelial damage (21) and that smoking causes an increase in epithelial
pemeability in animals (22) and humans (23). Although epithelial
permeability was not measured in the present study, our hypothesis was
that with the development of mucus hypersecretion there would be a loss
of airway, responsiveness rather tha;r an increase. Our findings in fact

confirm this hypothesis .and are in agreemént with the studies of Drazen

et al. (24), Roehrs et al. (25), and Abraham et al. (26).

¥
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Although our results indicate a decrease in airway responsiveness,
other studles have shown elther no difference or an increase in airway‘
responsiveness in human smokers. The effects of chronic smoking on
bronchial reac}:ivity are difficult to interpret because one's inh?_rent
reactivity may very well influence one's decision to smoke or not.
Animal studies may be easier to interpret‘ cince one removes this
self-selection blas and since one can study the entire history of the
animal from gtart to finish. .

" The results of the present study indicate that in iiic smokers with
mucus hypers:acretidn, for a given response to the intravenous challenge,
the relative .response to the aerosolized bronchoconstrit;tor is diminished
with respect to what it would hav‘e been given no mucus hypersecretion.
" We ’do not think the hyporesponsiveneés "bbas due to technical problems
since the doses were calcuiat'ed with extreme care and adminisbe;'ed with
the same nehu‘iizer to all dogs studied. The fact that chronic jﬁoke
exposure slightlyL ent;a.nced ;,he alrway responsivehess to int;‘avenous
methacholine most li‘kely sixggests an alteration in the sensitivity of the
airway smooth muscle. .\

Interestingly enough, nicotine aerosols have been found to blunt
bronchipi reactivity to methacholilne in highly reactive bal;oons. Wallis
et al. suggested that .this effect was due to the neuromuscular blocking
effect of nicotine (;'!7). This may offer an alternate hypothesis for the
observed hyporesponsivenss in the smokers. We éxcluded this possibility
on account of the fact that the dogs ceased to smoke three tc; Eivh days

before the bronchial provocation tests. This would have excluded any

- possible acute effects of nicotine% . o
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5. It has been’'reported that the narrowing of airways by mucus could
enhance inertial deposition by in;reasing the linear flow velocities.
This would in turn result in more central particle deposition as.has been
obgerved in chronic bronchities (28). 1If such was the case one would
predict an increase in responsiveness due to the more central depositfion
of methacholine in the airways contributing most strongly to airway
resistance. This was not the case since the mucus.whypersecretors
demonstrated a decrease and not an increase in responsiveness,

The sé%retory role of. the goblet cells may play an important role
in the lung's defense aga]nst chronic noxious insults. To avoid any
possibility that these acute'pemeability changes might influence the
bronchial provocation tests all dogs ceased to smoke three‘ta five days
prior to the challenges. Despite the increased p.emeability in smokers,
a recent study by Kennedy et al. found no evidence of increased
reactivity between smokers and non-smokers (29). .

Of the sham smokers one dog developed spontaneous mucus hyper-
gsecretion. The reason for this is not known at present but the effect of
the hyp«ar:sect:et:i.ur?i on methacholine aerosocl responsiveness was the same,
i.e., a decrease for the dogs ihat deyeloped mucus hypersecretion where
all of them showed a decrease in airway ‘responsiveness vis-d-vis “their
infusion response. ,

It is interesting to speculate that there might be an_ intimate
ralatiom;hip between mucus hypérsecretion, epithelial permeability, and

bronchial reactivity. 1Ideally one ) in_izht conduct a study in which a

gecretagogue is used to produce mucus hypersecretion but has no effect on

-
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smooth muscle activity. - This would allow the investigstor to study

airway respensivenen more clearly.

The importance of these ;Jdiaa is clearly substantiated when one
congiders &he large numbers smokers suffering fl‘@ chrondic bronehiti;
and/or bronchial hyperreactivity. The underlying %wechanisms of bronchial
reactivity and the changes in mucus rhr;:;ogy,aasociaﬁhd with cigarette

smoking may help clarif§ these disease processes. It is felt that more

blochemical work should be done in the future to determine whether

alterations at the molecular levél could account for the observed changes

" in mucous rheology. Permeability studies would also be useful to

determine by both smoke exposure in the sbsence and in the presence of a
mucug barrier. Lastly, more structure-function type studies are needed
to study how chnng'es in lung parenchyma may contribute to loss of elastic

recoil. Such sgtudies should include morphometric wor}t using acann:ln\g

electron mierouc‘opy to investigate the pathological history of

. parenchymal damage. Certain transitional chenges in the parenchymg may

shed light on how eslastic recoil may be reduced. -

¢

.
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