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k8STRACT 

A comprehenaive canine model of ehronie tobacco amoke injur, v .... ' 

d.dsned to study vedou. funetionel - morpholo&ical correlates of t)le 

lun&. 

T.n mon th. of noke expo.ure cau.ed mucu •. hypers.cretion and 

hypor •• pon.iv.ne •• to a.ro.olized but not infu •• d methacholine. Trache.l 

... cu. flux incr •••• d .nd mucu. vhc«;l.l •• U.city decre ... d vithin • month. . -

r of .mokins. Th ••• ro.ol h)'pore.pon.ivene •• can most likely be .ttribut.d 

to Jl!Ucu. hypers.cr.Uon a.aumin, th.t infuaion reaetivity more f.irly 

repre •• nt. inn.te .irway re.pon.iv.n •••. 

Exponentiel .nely.h of the expiratory limba of the quaai-ataUe 

P-V eurvea vas parformed in 81IIOkera and non-amolé.ra. Th. data d.rive' 

• frOll! the P-V curvee ineluded PLgO' - k, and h. AlI three tests 

demon.trated ··a dsnUicant 1011 ilt elastie racoU vith' the expon.nUa! 

constant k beins the b.at pr.dictor for the ten month amokera. 

Hhtolosical .xamination revealed a alsnineant amount of 

- parenchymel de.truction .a cSetemin.d by the destructive index. Thel'. 1 -.. waa no aisnificant chanse in eith.r the .... n 1in •• r intercept (LIlI) or the 

R.id index in the -.ok.r •. 
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RESUHt 

Nous evons developpé un modèle canin avec lésions cht'onlques, 

'causées par la fum4e de tabac pout'. étudiet' différentes c().("t'él~Üon8 

fonctionnelles et morphologiques du pou~on. 

Dix mois d' exp os 1 Uon à la fumée ont provoqu6 une. hypers4ct-étion 
.. 

de mucus et une hyporeactivité la la méthacholine en aérosol seul~ment. et 

non en infusion. 

Le flux de mucus. trachéal a augment' et la visçoé18~tieité du 
. 1 

mucus a c1iminué durant les quat.re premiers mois~d·expositiôn. 

L'hyporéacUvité la l'aérosol peut 6tre, probllblement. ettribuée la' 

l 'hypersécrétion de mucus. si l'on présume. que la réactivité lI' fnfuaion 
.. 

représènte bien' le réponse innée des voies eariennes. 

> 
Une analyse exponentielle de la courbe P-V quesistat.ique 

expiratoire a été "effectuée chez lès fum~uT.'~ et les non-fumeurs, et les 

données ont été dérivée,!' de la courbe .p-V. y compris PLgO' k, et b. 

Les trois tests ont mis en évidence une perte significative de la 
\ 

dtracticm élastique, la constante exponentielle le étant le meilleur 

indice de prédiction chez les fumeurs. 

L'examen histologique a dvélé un degré significatif de 
~ 

destruction du parenèhyme, déterminé par l'indiee de destruction. 

, "">Il n'y avait pas de changement significatif de Lm ni de l'indice 

de Reid chez lei fumeurs. 
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INTRODUCTION 

The relatio'(l.ship between the use of cigarettes and a variety of 

medical problems has received considerable attention. Responsible 

scientlfic opinion can no longer deny that lobacco SIiIOKe is implicated in 

lUJlg cancer, chronic bronchitis, emphysema, cardiovascular cUseases, 

extrapulmonary cancers, and numerous other conditions. The dB41gers 

associated wilh cigat"ette smoking have been well documented, ln many 

reports (1-7). Numerous studies have shown that smOKers are al a ·high 

risk of premature death due to cot"onary heart disease (8-11) and that 

mortality among women smokers using oral contraceptives ls significnlly 
.Ô • 

higher (12-14). The risk of obtaining cet"ebrovascular disease is also 

increased in smokers (15-17). Evidence collecled from a study of high 

school students demonstrated that abnormalities in pulmonary function 

occurred with as HUle as five years of smoking experience (18). 

Gaslric 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 cht"onic bronchitis, with the pt"evalence of cough and sputum 
1 

( production being higher than arnong non-smokers (20). It is estimated 
, 

" 
that 360,000 persons die each year in the USA as a consequence of tobacco 

use. It has a1so been estimated that one' s life is shortened by 

approximately 14 minutes fot" each cigarette smoked (21). Thus cigarette 

/ 
smoking poses one of the greatest public health problems and cont:.inues to 

burden society with billions of dollars in excesS health costs. 

In humans. the pu lmonary abnonnalities produced by or associated 

with ctgarette smoking are multi-factorial. These include abnormalities 
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• 
of mucus clearance, airway hyperreactivity, changes in pulmonary vascula-

ture and loss of elastie recoi! Sueh abnormalities are clearly defined 

in the late stages of the disease but provide no infonnation as to the 

pathologiesl history of the disease or the inter-relationships of the 

numerous changes in question. This is not surprising sinee the V&lst 

majority of clinical research has been eonduded cross-sectionally raUler 

than longitudinally. Furthermore, the interaction between morphology and 

physiological function remains unclear. The rationale of the present 

study was ta develop a canine model of tobacco smoke in jury that eould 

allow. the investigator ta descdbe the effects of varying lengths of 

amoke exposure o~ the funcHonal integri ty of the lung. The study has 

aIso .. been designed 'to examine early changes in lung morphology and, if 

possible, correlate them with ar., changes in ptalmonary function that 

pccur. 

In Chapters l, 2, and 3, 1 have taken advantage of the option 

provided by Section 7 of the Guidelines eoncerning thesis preparation 

which states that "the cancUdate hQS the option, sul?ject 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 ia primarily concerned 

with the effects of cigarette smoke on branchial reacti vit y . Chapter 2 

deals wi th mucus hypersecretion, tracheal mucus clearance and the 

viscoelastic' properties of trac;heal IllUCUS in smoking and sham-sme-king 

beagles. Chapter 3 concerns itself wi th the changes seen in elastic 

recou and parenchymal r.morphology. Of the three papers comprising this 

thesis l am first author of chapters two and four and c,p-author of 

• 
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chapter three. Cha rs one throug~ three have been submi tted to the 

American Review for publication. Chapter one has 

been accepted for publication pending certain revisions. The following 

portion of the il'ltro~uction is meant to provide the reader' wi t.h a brief 

review of the more rel~vant work done in these ar~as ~f research. 

Animal models may be useful to investigate the mechanisms • 
underlying reactivity to nonspecific stimuli and to methacholine. Recent 

studies in the literature ~ndicate a wide variability both in bronchial 

sensltlvity and reactivity to various agents (22). In healthy human 

subjects naturally acquired upper respiratory traçt infections have been 

known to cause a transient yet marked increase in bronchial reactlvity 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 hyperreactivlty 

and (b) that irritants may play a ro '·1 the increasing bronchial 

re~~tivity. The information so far provided explains to sorne degree how 

nirways can become hyperreactive but fails to ,explain why" exposure to 

i~ritants has brought about a decrease in bronchial reactivity ln certain 

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 SOrne desree from chronic bronchitis, which 

is characterlze~ by an excessive production of mucus by the glands of the 

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

rate (27-35) and mucus production are the hallmarks of this condition. r 

, Il 
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Foster et al. demonstrated '.hat whUe tr:-acheal and large -bronchial 

clearance rates were normal, lieripheral mucus clear:-ance was slower in 

amokers, suggesting that abnormalities of mucus clearance are more 
f 

prominent in tbe smaller bronchi of smokers (36). Wenner et al. (34), 

u8ing a face mask deiivery sytem in canihes, found a reduction in 

clearance velocity while other àspects of pulmonary functi(.\n remainad 

normal. Park et al.- (35) a190 found a reduction of in vi.vo mucoci1iary 

clearance Fate in dogs exposed to cigarette smoke over prolonged periods 

of t.ime. These results suggest that (changes in mucociliary clearance 
1 

velocity are one of the earliest changes seen in srnokers. Examinations 

of bronchiolar epithelium obtained f['om animals exposed to cigarette 

smolte (38-41) or sulfur dioxide (38,42-44) revealed changes similar to 

those foun4 in bumans wlth a history of e:igarette smoking. Cosio et al. 

coneluded tbat prolongee! exposure to cigarette' amoke co~lid predispose 

individuals to the development of centrilobular emphysema and tbat 

zt~ 
pathologie changes in the small airways may be an intportant cause of 

airflowobstruction (45). 

"" Elevations of bronchial reacUvity bave also 'been described in 

stùdies animal -studies in which J 
baboons were exposed to cigarette amoke (24) and daga to.sulfur dioxide 

of human smokers. although in some 

gas (25), branchial reactivitr was found to decrease. Various fact.ors 

cont.ribute to airway reactivity, as deflned br the usual criteria 

dêscrlbing the response to an inbaled bronchocdnstricthe agent. It 18 . 
important to state that bronchial ceactiwLty 18 a relative term. 

Pharmacological bronchial Ptfvocation t.ests.in~uce a measurable amount of 

• 

) 
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airw .. y obstruction in bot;Jl normal and abnomal lIubjec,ts. Abnonnal cases 

re.pond differently to i. givan dose (or doses) 'of a bronchoconstrictlv~ 

agent when compared to normal subjects. The responae may be exa&gerated. 

as in ast.hmatics, or cHmlnlshed, as in certain animal modeU' (24,25). In 

addition to the Inherent responsiveness of the smooth muscle, airway 

reactivit.y ls influenced by the accesslbiH.ty of tfte bronchoconstrictlve 

agent to the target site. It was Initially our rationale that chronic 

exp~ure to cigar~tte Bmoke eould cause airway hyperrespon9i~enes9 by 

certain mechani9m~ involving airway eplthelial damage and/or inflammatory 

reactlons. other il1vestlgators have suggested that damage to airway 

t 
epithelium may anhance airway responsiveness t.o bronchoconstrlctor agents 

(23, 46-47). Boucher et al. demonstrated that. tobacco smoke in jury can 

cauae-damage to the apithelial tight junction, exposing what are thought 

-' 

to ~e the afferent fibres of irrital)t receptors (4.1>. Howevet'l in a ,-

model of chronlc branchltis indueed by exposure ta _BuIfu," dloxide gas. 

bronchial reactivity was found to decrease. Drazen et al. suggested that 

thia decrease in reactivity might be due' to mucus hypersecretion (25). 
iA.,-

The worklng bypothesis in the present study la that the mucus 

linin& the airwaya might modify the bronchoconstrictor response. In a 

study simi~ar to that of Drazen et al. (25), Boileau et al. uslng a Iower 

dose of sulfur dioxide, found an increase in reactivity to aero~olized 

methacholine Whi1~ nor that hypet'seeretion was not prominent (48). 

Recent etudies bay.e shfwo an increase in bronchial reactivlt.y in human 

smok~rs. (49-50). The increase in reactivity in these studies may be due 

to disorders of autonomie regulation. alteration ln smooth muscle. 

( 
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increased airway caliber. or possibly due ta insufficient amount' of mucus 
, / 

in the aiMYS'rere can be little doubt that in chronic broncbiUc. 

glands increase n both aize and number and that tl)e ratio of &l~nd to .. 
wall thickness i8 increaBed with mnoklpg (4~.51.S2). 

Mucus eould mocHfy the re~nse to bronc:!tloeonstrlctors by varlou. 

means. It eould' dllute the agent at the target site, Impede its passag_ 

to the underlyin& epithelium or in Borne way inaetivate it. The moeul 

secreted by ehronic bronchltls appears to be no different thàn that of 

~onnal subjects from a biochemieal poin~ of view (53). Thua. tt.~ 

increase in mucus secrétion might serve to aet as a defensive mechantsll 

whereby noxious agents are limited in thelr passage to· the underly!nl 

epithelium,· This might sUlsest ~ relatlonship batween mucus gland 

hyparp la ai a • epithelial permeability and hyperreaetivity Whèraby an , 
. 

Inadequate mucosal barrier or an ineraaae in eplthelial permeabllity mey 

account for the iner.a.es in bronchial reaeUvity founel in, some human 

atudies (54). 

In a atudy of ozone-indueecS alrway effecta. Abraham et al. fauneS 
, f 

an increase ln the amooth muscle resp~n8iven'e8s to infused carbaehol but 

:eouleS n,ot deteet this increa'se in responsiveneas when the sbeep were 

.. ; challenged with aerosolized carbachol. They attributed tMs' discrepancy 

to mucus hyperseeretion (55). A reeent study by Wallis et al. (56) found 

that nicotine eotlld alter bronehomotot" tone. These authors demonstrated 

that aet"osolized nicotine prod~eed an aeute'decrease in airway reactivity 

to methacholine. They further eoncluded tbat thb eSeerease wu 

( ( 
lndependent of differ.-ences in B-adrenergic .actlvity IJinee B-adrenersic 

" 

" • 
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blockade proved to be ineffective because reactivity was found to 

1 
increase in reactive baboons. To relate the variation of airway 

responsiveness to methacholine to the quantity of mucus in the airway ve 
, ( 

Îooked at the response to infused and aerosolized methacholine. w. 
, 

speculated that the increased quantity of mucus secreteeS in the airways 

could blunt the" response to methacholine. whereas the infused 

methacholine vould more clearly reflect airway smooth muscle 
'.r' \' 

, 

re8ponai veness . Thus, the main purpose in studying the effect of mucus 

hypersecretion on bronchial reactivity vas tvo-foleS: 
/ 

to study the 

natu~al history of this pathological event and to develop an animal model 

vith an elevated yet stable rate of secretion 10 as to examine its effect 

on bronchial reactivity. 

The effects of chronic exposure to tobaeco -smoka have been studied 

in dOIS. Auerbach et al. (39,57) found extensive morphological chanlel 
, 

in both parenchyme and airWays. Frasca et al. (58) noted an increase in 

fana.tration vith up to four montha of smoking. These alveolar fenestrae 

are dilttingulshed from the pores of Kohn in that théy are larger vith 

irregular shllpes ana margins. Further examinat.ion by scanning electron 

microscopy demonstrated the destruction and enlargement of alveolar ducts 
t' \ fÎ 

vith varying degrees of enlargoment of alveolar spaces. Auerbach et al. 

reported similar findings in humans who had a lengthy history of 

cigarette smoking (59)" Kuhn et al. demonstrated that gross distortion ~ 
r 

of the internaI geometry of the lung may be present vi thout abnormal 

fenestrations of the alveolar vall ,in a model of elastase-induce6, 
" 

einphysema (60). Auerbach et al. described the changes observed vi th 
\ 

( 

\ 9 

o 
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emphyaema a8 being due to a rearrangement of the internaI geometry of the 

1ung in~ which alveolar 'surface area is lost. These observations led 
" 

Thurlbeck to suggest. t.hat. dest.ruction be defined qualit.atively rat.her 
.......... 

t.han quant.itat.ively (61). 
'1 • 

Hany met.hods have been develaped t.o assess t.he severit.y of 

emphysema. The me an linear intercept (Lm) has been t.he Most W~elY 

accepted test in quantltating. emPllysema. Lm however has been found to be 

of que9t.~~nable value in mild ,emphyseme since increased dilatation· 

wi thout déstruction 'can lead to an increased Lm unrelated to clasBlc 
li 

emphysema: Thurlbeck has shown Lm to increase in an aging lunt in the 

absence of desl::ruction (62). Saetta et' al., proposed a new method to 

quantitate alveolar destruction using -a point-count syst.em. This index, 

of dest.ruction (DI) represent.a the, percent.age of destroyed space as a 
• 

\ a fraction of the total 'alveolar and duct space. DI was found t.o be a more, 

sensitive and rellable 'index of destruction when compared ta t.he mean , ) 

.. lineal" intercept (Lm). DI was a190 fO\1nd ta correlate well with t.he 
. 

transpulmonat'Y prèssure, ,at 90"' TLC while Lm did not .. The l."'8Jlult.s of 
- , I.~. 

~m'n'lrt thé i~~a ~hat in smokers, alveolar walls are their st.1G also 

tl,rst ,~tI."'Oyed th en by enlargement of air spaces leading to/an 

incl."'eése' in (6'3) .-
.. 

The assumption t.hat thè 10ss ot: elastiç reeoii in the Iung, is 

. ; 

related directly to the anat.omieal destruction of pulmonary tissue has' 
, , 

been chal~ged by Thurlbeck (61). A study correlat~ng function wlth 
1 _ 

structure has indicated t.hat the relationship between emphysem~.grade-and 
, - . 

, ' 

loss ,of elasUe recoU ls not. well -deflned (64,). Their.study indicat.es 

(. 

l 
, 
-:;: 
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t~t e~ànge8 
evidene~ of 

in e1astie reeoU may oecur in smokers with no apparent 

emphysema. Berend et al. a1so eoneluded that standar~ 

measurements of choreS eompliance 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 witl1 degree of 

emphysema in the1r study (64). Thurlbeek proposed an interesting 

hypothesis whereby emphysema and elastic recoll are related only 

eoineld'entally and not as Coause and effect. In thls theory 'cigarette 
t 

smoking eould aet to alter the scleroprotein framewoFK of the lung 

• resu~ting in 'diminlsh~ elastic recoU (61). In support of this theory 

are the rasults of Hogg et al. wherl! the y have shown a decrease in 

eomp-lianee of centrilobular emphysematous spaees relativ& to the nO,mal 
) 

8urrounding tissue. Interestingly enough; th~ su~ro~nding ~l9sues had a 

higher eompliance than the emphysematous space~ in one instance (65). ,. 

Various approaches have been used to study loss of elastie 
p 

'reeoil. One sueh approach involves the use of a single exponential 
..A 

fianetlon. This ,has been used to describe the statlc or quasi-static 

pre$sure-volume curve of the lung (66-75). The retraetlve forces of the 

lungs -have been estimated by measurlng the slope of the expiratory limb 
J ~ 

",.. 

of the pressure-volume curve; i.e., chord compliance, in the tidal 
1.:. 

range. Utilization of ~ese measurements ls compllcated by the necessity 

to standardize for lung volumes and by the curv111nearity of the 
• 

pressure-volume relaHonship. Furthermore, measurements of chord 

compliance involve the use of I1near approximations over a comparatlvely 

smali volume range. 

) 

/ 
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ln deaUng with these difficultles Salazar and Knowles intt"oduced 

an exponential mathematieal expression to describe the elastie forces of 

One advantage offered by tlle use of an exponential 

funetion ls that it can accommodale volumes over the whob inspiratory 

eapaeity without the use of FRC as a reference point. Below FRC, fi~ted 

P-V data deviate tt'om' the exponential function. This coul" be due ~o 

ait'Way cl'~9ure (69) or due to compression of the esophageal balloon by 

the surrounding structureS (76,77) . Constants dedved from the 
, ~ 

exponential fits have been used to aS8ess the meehanical properties of 

the lungs (78). The result.s of Colebatch et al. indieate that if the 

exponel\tial ia fitted from 501. TLC then the variation in the constants 

for individuals is less than the vadation found with ~up~ate trials 

(75). Values for the transpulrnonary pressure at 901. TtC ~.PL90) can be 

derivee! from the computer-plotted curves, in addition to the bulk elastie 

constant k, and the half-inflation pressure h. The half-inflation 

pt"essure h carl be t"egat"de~ as an index of the stiffness of the lung Ot" of' 

the 8teepnes~ of the slope. 

Pat"é and co-wot"ket"s found the bulk elastic constant k to be the 

best predictor of emphyseme in individuals, although it failed to 

distinguish patients vith mild emphysema from those without (79). 

silvers et al.. uslng a single exponential funetion after' the method of 

Salazar and lCnowles (68), found no significant difference between two 

gr'oupa of emphysematous patients in which one group had a grade of five 

or less and the ~ther group a grade of more than five (80). The silvers 

group found a significant différence in elastie recoU between patient8 

.. 
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with mUd emphysema and normals when they expres~ed the staHc 1ung 

recoi1 as a percentage of predicted lung volume. Linear correlations 

made between emphysema grade and PL90 yie1d~d a significant negative 

correlation indicating a close relation betwee~ anatomica1 emphysema and 
, 

e1as~ç recol1 (80). 

Recent studies in aging mice demonstrate a decrease in 1ung 

e1astln content with age (81). If su ch findings can be extrapolated to 

humans. then the decrease in e1astin cou1d account in part for the 10ss 

of e1astic recoU pr~ssure. A study of elastic fibers in normal human 

lungs and lungs with mild emphysema demonstrated no significant 

difference in total fiber 1ength or diameter (82). These results 
( 

lndi'cate that the 10ss of elastic r~coi1 is not slmp1y due to a decrease 

in e1astic fibers but may be due to chang~s in scleroproteins or due to a 
1 

rearrangement in the interna1 geometry of thè 1ung (61). Thus. it can be , 

seen read11y that 10ss of elasUc recoi1 may invo1ve numerous mechanisms 

~and not simplyrthe anatomical destrûction of parencbyma1 tissue. 

" ' 0( 
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Chapter 2 

HYPORESPO~SIVERESS TO AIROSOLIZED BUT NOT INFUSED METHACHOLINE 

IN CIGARETTE-SHOKB-BXPOSED DOGS 

. , 
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ABSTRAGT 

, 
Nina beagles were exposed via a tracheostomy to smo1ce from ten 

1igaret~e8/<say, five days/week for six to ten months; fh,e dogs serve~ 

as aham-exposed controls. Mucus was - collecte4 2x/week prior to aneS 

during the éxposure period by resting a cytology brush on the Iower 

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

transpulmonary pressure and 
-1 

flaw were monitored under anesth~sia to 
( 

de termine resistance R
L

. Two airway :esponses to methaçholine were 

determined: the infusion respons'e Ri, the increase in ~ 4-6 minutes , 

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

~ in l\. at 2 min. J~ight of 9 smoking d,ogs deve'loped persistent muTus., 

hypersecretion. In 5,dogs, tracheal mucus!'..f1ux increa'sed 5-10 fold; 2 in 

3 dogs, the increase wa~ 2'-3x control. One of the 5' sham-e,q,osed dogs 

developed moderate hypersecretion. In smokers (N=6). Ri increased -ta 

3.Hx initia!' value (± LiS SE); in shams (N .. 4). Ri inct.'eased ta 1.36x 

• control ± 0.49. Neither change was significant. By cont~ast, Ra at the 

highest comman dose ,decreased significantIy in smo1cers, ta 0.213x control 

(± 0.032 SE, P < 0.001); Ra in sharns d id not change dgnifican Uy (1. 1-7x 

± 0.41)., The difference bet~een aerosol s!,d infusion response change. Is 

an index of meth.acholine aerosol hyporespo~siveness. _For 'Stkin&. ,dogs. 

, Rai ' was :'b 92 ± 0.68 (SE)(p <' 0.05), while for sham-~xposed d g8 Rai was 

0.15 ± 0.23 (SE)(N=4). Assuming that infusion reactlvity re fairly 

. repres~nts innate '\irway response, the serosol hyporesponsiveness in 

smoking dogs can most likely be att~ibutea to the 'mucus hype~secretion. 

Kef words: mucus. airwey rèsctivity. smoking, p~rrneability. 
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, 
'-

• J _ 

(-

l, 

-

_r 

- 22 -

IBTRODUCTIOB J, 
\ 

Mucus b'ypersecretlon is a well known' feature of the" chronie 

bronchitis associated wHh cigarette smokers and abnormalities of mucus 

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

'known that long-term exposure of experimental animaIs to sulfur dioxide 

(~-4) or to~cco smoke (3,5,6. 7) le~ds to changes ln airway morphology 

similar "to those seen in chronle bronchi tis; these ehanges incluc1~ 

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 react.i'vit:y have also been describec1 - in 

stucHes of human smokers, althoug,h in some animal models of smoking 'a 

decrease in reactivity has baen reported <'10). A number of factors 

contribute to airway reaètlvity. as ~defined by the uBual criteria 

deacrlbing the response, to an inhaled bronchoconstl'ictor aerosol. In 

addition to the Inherent responsiveness of the smooth muscle, airway 

reacti vit y is influenced \1y the distribution of the aerosol wi thIn the 

lung and by factors lirniting the accessibillty of th~ bronchoconstrictive ,.,... 
agent to the targ,et site once it has been deposited i~ the airway. 

IQ a model of chronic bronchitis i}lduced by chronic exposure to 

sulfur dioxide g,as, Drazen and co-workers demonstrated a decrease in the 

airway res,ponsiveness to histamine in dogs with clinicai mucous 

- hypersecretlon (l1). They suggested t.hat this might be attributabl& t.o-

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

'. 
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Martin and co-workers, ustng the sarne dog model but witb a lower dose of 

sai' there was an increased reactivUy to aerosolized methacholine (12) 
~ 

- but bypersecretion ln this case was not very prominent, certainly not in 

the early stages when the airway hyperreactivity became appârent (13). 

Severa!, studies have shown an increase in l>ronchial r~activity in 

'human smokers (14 ,15) . Although tbe mechanisms responsible for 

hyperreactivity remain unknown. four explanations have been postulated to 

account for this: (1) 
, 

ep ithe li al damage leading to increased 

permeabil i ty; (2) disorders of autonomie regulation; t3> increased 

baseline airway' caliber; and (0\) alteration ~ in smooth muscle 

respons i venees. Recent studies bave ~uggested that the increase in 

airway eplthelial perrtleabili~y la due to alterations in the Intercel1u~ar 

tigbt j~nctions aUer cigareUe smoke exposure (16,17). Hulbert and 

co-workers (18) c1emonst.rated an increase in permeabiÜty in guinea pigs 

expoaed to cigarette smoke and that sucb changes in' permeabUit.y were 
1 

reversible. 

Such observations concerning t.he airway responsiveness to chronlc 

cigarette smoké exposure, mucus. hyperseeret.ion and the inerease in' 

pet'llleabUity suggested a' possible experimental approach to tfle 

relationships bet.ween the above factors. In this study we considered tbe ,.. 

possibility tbat. the mucus lining the airway mlght modify the 

bronchoconstrlctor response. Mucus could potentially play this modifier 
1 

role by di1uti~g - the pharmaco-acti ve agent ~ by delaying its passage, to 

t.he underlying eplthelium. Thes'e f'actors could cause a rightward sbift 

in the ciassicill dose response curve. If ,sufficient mucus was present to 

, , .. 

.. . 
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alter baseline airway ealiber, it eould also alter the aerosol deposition 

pattern, and hence the responss. 

T~ relate the variation of airway re.sponsiveness to methacholine 

to the ::Ltity of m~cus in the airway we chose ta compare the response 

'to infused and aeorosolized methacholine chloride. OUr hypothesis was 

that the response to infused methacholine would more clearly reflect 

airway smooth muscle responsiveness, and that any blunting of the 

response to aerosolized methaeholi't1e would then be related to the 

quantity of mucus in the airways. The infused and aerosolized doses were 

ehosen to provide equivalent mean changes in total pulmanary resistance 

prior to the smoking stages of the study. Since cigarette smoke has, been 

found to increase mucosal permeability and that 9uch a mechan~m might be 

of- importance witb regard to hypet'reactivity, al1 dogs ceased to smoke , 

for three to five, days pr-ior to e,ch methacholine challenge. The pr-esent 

,stUdY was ,therefore 4esigned to examine the effects of mucus 
, 

hypersecretio~ on bronchial react.lvity w,hilé" allowing for epithelial' 

permeability to retum towar'ds .normal by allowing for an appropriate 

period of cessation of smoking. 

1 
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HATERIAL AND METHODS 
J 

Fourteen normal beagles weighing 8 to 16 kg were chosen for the 

study. Rach dog was surgically prepared with a chronic tracheostomy and 

then left for at least three weeks to recover. None of the doga had any 
<> 

indication of any respiratory infection throughout the duration of the 

study. A number of physiological studies were performed to establish' 

'" control values wi th regard to lung rnechanics and airway responses during 

a four month initialization period. Cigarette smoke exp09ure began 

. '-. 

irnmediately after th1S phase of the study. 
p 

!moke Exposure Hethod: 

The delivery system employed for the study was similar to others 

describ~d in the literature (19). The dO&9 were trained to stand quietly 

in a harness and accept a cuffed tracheostomy tube (Fig. 2.1). To 

generate smoke, a positive pr~ure .was applied to a lit cigarette by 

closing a solenoid valve through which a by-pass flow of air normally 
• - .t 

passed. The solênoid ~losure period was set by a timer to deliver a 
. 

35 ml bolus of smoke to the inspiratory Hne eve~y 20 seconds until the 

cigarette was smoked to a standard butt length of 23 mm. After thé snloke 

'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 
/ - .; 

fum~ hood. The cigarette. tbat w~ used were unfiltered 70 mm higb tar, 

hig}, nicotine cigareHes (20 mg, tar, 1. 2 mg nicotine). The cigarette 
.-

dose was increased gradually OVE't" a run-in period of two weeks up to a 

maximum of 10 cigarettes per day, delivered over the 

/ .> ( 
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apprQxi\ll8tely 2.5 hours. 5 days a week. for a ten-montb period of t.ime. 

AU dogs eeased t.o smo'ke three to Bve days prior t.o the initiation of 

tbe airway response experiment.s. 

~ 

Figure 2.1 

Smoke exposure syst.em. To tenerate smoke a positive pressure is applied 

t.o a lit cigar~tt:.e by elosing a solenoid valve t.brough whieh a bypass 

flow of air normally passes. lnset.: view of dog in harness with euffed 

tt'aeheostomy t·the . 

T,o 
Fume Hood 

Fresh Air-

Air Ismoke Tlf!'er 

To Fume Hood 
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Airway resistance measurements: 

Eaeh dog vas studied under sodium pentobarbital (Nembutal) 

anesthesia in the supine position. After being intubated vi th a euffed 

endotracheal tube a venous Hne vas established to maintain -tlle l'evel of 

anesthesia. Measurements were made in a volume displacement body 

plethysmograph. Volume vas determined sP.il"0metricall Y wi th a linear 

variable displacement transducer system. Flo~ at the mouth vas measured 

with a Fleisch No. 2 pneumotachygraph conn9&ted to a VaHdyne HP45 ± 2 

pressure transducer (Validyne Co. , Northridge, CA). 4;t. 

Transpulmonary pressure vas measured with a differential pressure 

transducer (Validyne KP45 ± 100 cmH
2
0). An esophageal balloon (5 cm 

long; circumf.erence 1. 44 cm) vas attached to PE-200 polyet.hylene tubing 

with multiple side holes vithin the balloon. The ba1loon was passed into 

the stomach and then withdrawn gradually until a negative pressure was 

recorded . The balloon 
J' wàs th en positioned to record a minimum 

transpulmonary pressure swing during an occluded breath, Further 

adjustments were th en made to minimize cardiac artifact. Ba1100n volume 

was maintained at 0.6 ml and checked periodically throughout the 

experiment. Pulmonary resistance, R
L 

vas determined by the el~trical 

subtraetion method (20). 

Hethacholine challenges: 
~ 

Hethacholine chloride bronchial challenges were carried out vith a 

JI' Hudson nebulizer at a constant flov rate of 8/1Jminute. The sarne 

nebulizer was used for each dog. 

F 
Following an inflation to 20 cmH

2
0 t9 

• 

.d--
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relieve any possible bronchoconstriction. saline was nebulized (particle 

size 1.6 micrometers) for 1 minute while the dog breathed spontaneously. 

Two minutes later, measurements of total pulmonary flo'" resistance ,.,ere 

made. "-Aerosols of doubling concentrations of methacholine chloride 

1 

diluted in saline were then delivered at 10 minute intervals. starting 

with 0.5 mg/ml and building up to a maximum concentration of 8 mg/ml for 

insensitive dogs. Two minutes after each aerosolization R
L 

was again 

The aerosol resistance response ,.,as defined as the total measured. 

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

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

was the common dose reached in aIl, dogs in which changes in R
L 

exceeded 

baseline resistance by 2 standard deviations. 

After the last challenge the dogs. were inflated to relieve any 
a 

bronchoconstriction and allowed to rest for 1 hour. FOllowing this the 

dog' s endotracheal cuff was reinf lated and the t. v. line made ready for 

the infusion response to methacholine chloride. The methachol lne 

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 resistanee were taken every minute and an 

average was computed over the 4-6 minute range sinee this time interval 

corresponded to a plateau response. Following the eight minute mark the 

infusion was stopped and the dogs were e"xtubated and allowed to re<!over 

under superViSion." The infusion resistance response 

mean R at 4-6,.,. mînutes post infusion minus the 
L 

immediately prior to infusion. 

• was compu ted as the 

control resistance 
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Mucus collection rates: 

Tracheal mucus was collected from the dogs twice weekly by means 
" 

of the cytology brush technique as described previously (21). The weight 

of mucus collectec1 on the brush per unit lime (mg/min) was used as an 

index ot mucus flux. 

statistical treatment of data: 

Comparisons of responses wer~ made for both the aerosol and 

infusion responses within smokers and non-smokers and between both groups 

using two pai~d t-tests. A P value less th an 0.05 was ~onsic1ered 

\ 

, 
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RESULTS 

The variation in Ba. the methacholine aerosol response. over the. 

course of 10 months of cigarette-smoke or sham exposuFe is illustrated in 

Fig. 2.2. The aerosol response in smokers decreased slgnificantly by 

paired t-test Cp < 0.05) while that in the non-srnok~rs remained unaltered. 

Figure 2.2 

This figure} shows the aerose! response to methacholine (2 m~/ml) at 

control. 6 and 10 month's of srnoke exposure or sham cxposure. Smokers 

became progressively hyporesponsive over the 10 month period of 

exposuc-e. Standard ec-c-ar .bàrs a["e indicated. 
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By contt"ast. Ri, the methachol ine infusion t"esponse, was 
Q 

pl'ogt"essively enhanced over lhe 10 months of smoking, ailhough the 

inct"ease dld nol achieve st.atistical slgnificance (0.05 < p< 0.10). This 

,is illustt"ated in Fig. 2.3. The mean-ini tiai pt"e-exposut"e t"esponses, Ra 

and Ri, wet"e not significantly different between smokers and non-smokers. 

Figure 2.3 

Responses of the melhacholine infusion (4 ug/kg/min) as a function of , 
time at control, 6 and ri~ months of smoke exposure or sham exposure. 

Smoket"s showed an increased responsiveness lo the infused methacholine 

ovel' the smoks exposure period though this did not l'each statlst1cal 

significance. standard error bars d~e iRdicated. 
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1-
The relat.ive change in aerosol and infusion response st. 10 monlhs 

was c1efinM as .. a negative quantity 

inc1icating' a hyporesponslveness to aerosol vis-il-vis infusion. The data 

in the 6 smo1cers and 4 non-smokers wl th both infusion and aeroso1 

challenge are illustrated in Fig. 2.4. 

Figure 2.4 

Change in aerosol response at 300 days vérsus 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 ioto four quadrants . 
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(Individual dat.a points are given in Table 2.1.) This figure indicates 

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

tracked by the changes in aerosol response. since t.he point.s are 
'1. 1 '\, 

scattel'ed about the identlty line. In the smoker:J." howevél'. a11 the 
\~ 

points lie to the right of t~ identity li e. indica that the changes 
q 

in infusion l'esponse are not matched by changes in aerosol 

l'éSponse. In facto three of the six showed a substantlal 

decrease in ael'osol response in the face of an act.ual inc.rease in 

infusion response. The Adevelopmenl of relative hyporesponsiveness ta 

1 

aerosolized methacholine vis-à-vis infused methl)choline in smoking dogs 

but not in sharn-exposed control was statistiea~ly significant (p < 0.01) . 
• 

TABLE 2.1. Response to infused and ~érosolized methacholine. 

SmQkers 

Ri~O/Rie 
Non-smokers 

Dog *Ra10/Rae Dog RalO/Rac RilO/Rie 
'--~ 

'Y\ 
f 

9ACI 0.179 .0·933 9AC4 2.424 2.246 
\ 

OMO l 0.230 0.951 OM03 11. 368 2.110 

OMO 2 0.112 2.858 98P1 0.S1Q 0.867 

2JDl '0.303 1.412 2DU3 0.319 0.047 

1082 0.241 4.450 

2HLl 1.557+ 2.084 

9CQ2 8.152 

..--
.. 
+ 

outlier. Excluded as an cr 
* p < 0.001. 

.. 

\ 
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Tbe baseline resistanc'e level. dete.nnin~ prior to the initial 

meth,ehol,ine èxposure in ~acb experiment. was found to increase in the 

. -----8mo1ci~sîi (p < 0.02). but not in the n.on-smo1cers. This increase 

oceurred between 6 and 10 months of exposure. as ind icated in Table 2.2. 
-} 

Consi"ering that the aerosol and infusion responses were c1efined as the 
~ 

'absolute changes in R
L 

wlth methacholine administration. if the 

responses had been defined as ~he fractional change in R
L 

instead. the 

mean cha!'ge in infusion responsiveness at 10 months would have been very 

sllght (140~ of control). while the decrease in aerosol resp'onsiveness at 

the sarne point woul~ have appeared even more exaggerated. reaching a mean 

value of only ~o~ of control. 

( 

Table 2.2 . 
• 

Baseline pulmonary resistance (CmH
2
0/LPS). 

Control 6 months 10 monthe 

\ 

(N-7) Smo1cers 0.98 ± 0.40+ 0.69 ± 0.15 1. 70 ± 0.47* 

1.10 ± 0.30 1.46 ± 1.13 

{ 1 

)1[ P < 0.02 
+ 

standard déviation 

'1 
L' 

.. 

, ... 
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DISCUSSIOR 

Our data suggest that smokers have decreased non~pecific airway 

responsiveness to aerosolized tnethacholine when compared to non-smokers. 

theBe differences in reactiqity may be accounted for br the chronic mucus 

hY'Persecretion which developed over the period in which the dog~ ~·moked. 

- In a- model of chronic bronchi Us Drazen et al. (l1) demonstra ':.ed a 

decrease in the responsiqeness to aero90lizJ'ed histamine in dogs with 

chronic mucus hypersecretion. In the work of Martin and co-workers, 

uslng ,the same dog model but- with a lower dose of S02' there was an 

increased r;-eactivity to aerosolized methacholine (12) but hyp.ersecretion 

in this case was not very prominent, certainly not in the ear;-ly stages 

, 

\ ~ 

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

Roehrs et al. (10) support our own wbereby bronchial react~vity to 

aerosolized methacholine decreased in cigarette smoking baboons. 

Al though previous studies have reported increases in goblet cells after 

tobacco smoke exposul;"e' they have not focused on the invnediate cllanges. 

Histologically.. Reid et al. (22) repoded in rats a decrease in goblet. 

cells after 2 weeks o~ smoke exposure which was followed by an increase 
• 

aftér 4 weeks of exposure. This suggests that a mihimum period of smoke 

exposure is needed before goblet cell proliferation and f!ecretion might 

• occur. Blunting of a response to an aerosol by excess ait'Way mucus ls 

most likely attributed to delayed or restricted accesa of the 

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

dilution or by reduced permeability through t.he mucus blanket. AU of 

tbese possibilitiea could p~oduce a aimilar'effect of reducing t.he peak 

" 

, 
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coneentration -of the agent at. t.be aeUve sHe wben It. la ,iven ln 

step-wise ine~ea8~ng concentrations. 

The secret.ory ~ole ~f the goblet cells may play an increasin&ly 

important role in the mechanisms governlng hyperreaeti vi ty. In a study 
: . 

of airway epithelial penneabUHy in guinea pigs Hulbert et al. (18) 

found a sha~ reduction in tbe numbe~ of goblet cells immediately'l~tfter 

the initial"'cigaret.te smoke exposure. Interestingly enough '~osal 
permeability was· found to inc~eage as the goblet ceU count decreased. 

\ Siman! and co-workers (16) suggested that the increase in permeability of 

respira tory epithelium aCter exposure to tobacco smoke was due to 

altérations around tight junctions. Il has Binee been shown that. the 

altered permeabillty was associate"d with structural' damage leading to 

leaky tight junet.ions and that thls damage wa. dose-related (17). In the 

abunce of a mucosal barrie~, irritant reèeptors found below the Ught 

dunctione ,could be exposed te pharmace-active ,agents Buch that the 

individual would appear ta have hyperreactive airways. 

This suggests a relationship betweèn the obaerved muCUS gland 

byperpla~ia, the ûepitheHal permubility and h~er~eact.lvity'. An 

inadequate mucosal ba~ri~~ o~ an ;increase in epi thelial penneabili,ty by 

p~ior tobacco smoke exposure m~ account in pat t for the irlc~ease in 

b~onchial ~eactivity found in some/human studies (14,15,23). , 

Since the inc~ease in permeability bas been shown to be ~ever~ble 
; 

to sorne ~xtent tiven an adeqùate pe~iod of cessation of smoking (18,24), 

it is p~ssible that the if'!c~ea$es in bronchial reactlvity reported in 
.. \ (', 

t.h~se fome~~ studies may in fact ~eflec.t only the acute affects of 

\ 
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eisat"ette smo1cè. Pat'" et al. demonstraled in ascaris-allérgie rhesus 

monkeys that vi th prior antigen inhalation there is a marked inc~ase ln 

airway reslstance in re~ponse to a siven dose of histamine. It was also 

demonstrated that the increase in airway resistance produced by 
1 

inhalation of antlgen waB . assQciated wi th changes in' bronchial 

permeability (25) . This increase in penneabili ty might facilitat~' 
1 

, t 

pàssase of pharmaco-active agents to ~nderlying irritant receptors. 

~ellické and co-workers were able to demonstrate an increaBé in 

the discharge raUH of action potenUàls from single fiber recordinss 

fo1lowing smoke exposure in rabbits. They specu1aled that lhis might be 

-due to stimulation of irritant receptors, found in the epithelium (23). 

It is un11kely that such permeabllity changes might have p1ayed a role in 

modifying reactlvity ln our study'since a11 dogs ceased to smoke 3-5 days 

prior to toe experiments. The human studies reflectlng an increase, in 

'bronchial reacU vi ty can be cri Ucized on the grounds that in two of the 

studies smokers refrained from' smoking at least two hours prior to the 
i 

challenges (14,15) and in the thlrd ooly one hour before the tests (20). 

These Ume intervals would oot be sufécientAy long to exclude the 
. , . 

possible effects of the acute permea~lity changes found with smoke 
~ 

eXP9sure. These studies WQuld also rely heavily on the - cooperation of 

smokers taking 'part in the study introducing an inherent degree of 

uncertainty in.their results. e 

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

8er;"osolized and infused methacholine. As earUer stated 01,.lr 'hypothesis 

, was t.hat the respons~ to infused methacholine' would more clear!y refleet 
l,. 

l, 
1 -

T .. 
1 

\ . \ 
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airway, smooth muscle responsiveness. and that any blunting of the 

response to aerosolized methacholine would then be related to a quantlty 

of mucus found in the ai t'Ways. since the Infused dose was èarefully 

matcbed to provide an equivalent mean change in pulmonary resistance 

similar. to that of the highest common aerosollzed dosf!! amongst a11 dogs 

one could moni tOI' the response to the two aval' a 10 month period of 

time. In dogs with elevated levels of airway secretion, for a given 
" 

response to an infusion of methacholine. 'the relative response t9 an 

aerosol of methacholine was rf:'duced with respect to what it would have 

been if there were li ttle mucus in the ait'Ways. If airway 

'" byperreactivity to an aerosolized bronchoconstr1.ctor agent can be caused 

by increased permeability ta that agent and/or increased responsiveness 

of the smooth muscle ta the inhaled ageQt. then, if infusion reactlvHy 

represents the tt'U8 or Inherent airway reactivHy, the reactivity to 

inhaled aerosol may 

bypersecretion occurs. 

thus unde\:stimate the true value when mucus 

In a study of 0 -induced airway effects Abraham 
3 

~ . 
and eo-work~rs reported a significant increase in the smooth muscle 

responsiveness to infused carbachol in sheep (27). This increase in the' 

smooth muscle responsiveness was not detectable by inhalation châllenge 

due to a concomit~ant 6ecrease in eplthelial p-enneability. They 

attributed this decrease in epithf!!H~l perrneabili ty to mucus 

hypersecretion. In Fig. 2.3 the smokers exhibi ted similar res\h ts in 

which the methacholine infusion respons~ was progressively enhanced 

• throughout the smoke exposure perlod. This incr,ease did not. ho~ever. 

achieve J1tatisttcal significance in our study but might have, givèn 8 

J 

, , " 
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lons&r exposure t~ tobaeco smoke. It has been reported that 'tbe 

narrowing of airways by mucus can enhanca inertial depositio~ by 

increaging the lineat velocity of flow hènce causing rndre central 

deposi tian. This Increase in br0t::lchial deposi tion Ilas been reporled in 
1 • 

patients with chronie bronchltis (28) ~ If su ch was the t:as~ -in those 

doga that were hypersecret,ors one would predict ân enhancement in the 

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

facto following thé argument.s of Strohl et al. (29) a central ·shift in 

the aer090l deposi tion should if anything increase R
L 

because of the 

increased concentration of methacholin~ in t.he airways contributing most 

stron$ly to resistance. Kim and co-workers (30) reported that increased 

mucus depth would enhance aerosol deposition more than resistance. The 

\ 

increase in -central deposition may in· (hct have been offset by the 
- 1 

barrier eff.ect of the mucus blanket. 

In conclusion this study indicates that chronic cigarette smoke 

exposure reduced branchial reac,li vi ty as indicated by the aerosol 
" e 

response. It is interestlng to speculate that the developm~nt of mucus, 

hypersecretion and the concomitant diminution of the aerosol response 
, 

could be inlimately related' ta one another and that thls mucus barrier 

could serv~ tl! ftilfte or 

underlying epithelium . 

. . 

, 1 

impede the passage of noxious agent$ to the 
.. 
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Chapt.er 3 

MUCUS HYPERSECRETION IN CIGARETTE-SMOKING DOGS 

) 

• , 
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ABSTRACT 

'1 
Tracheostomies were fashioned in 14 adult beagle dogs. Mucus was 

collected twice weekly without ch-ugs by resting a cytology brush on the 

lower trachea for periods of 2-5 minutes. The mucus was weighed, and the 

galactose content detennined by the phenosulfuric acid assay. The mucua 

co~;tion rate served as an index of tracheal mucus flux, the galactose 

assay' as a marker of mucous glycoprotein' content. The tracheal mucus 

clearance rate TMCR was delennin~ 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 line each 20 seconds, using unfiltered 70 mm 

cigarettes (20 mg tar, 1.2 mg nicotine,. Each -dog smoked 10 eigs/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 fol" 10 months with a 2 month 

run-in period. The other 5 dogs served as 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 modera te hyper-

secretion. The pattern was variable, the maximal increase occurring from 
• 1 

2 months to 10 months. In the first 2-4 months of smok:Lng, the galacto~~ 

content of the mucus fell, consistent with a deérease in elasticity. 

However, after 6 months, the elasticity rose back towards control levels, 

whi le the galactose conten t remained low. suggesting an al tera tion in the 

nature of the mucous gly~oprotein. The THCR did not change signifi

csnt1y. The alterations in mucus were chronic rather than scute, in that 

there wère no significant differences in quantity or galactose content on 

Honday vs Friday, nor after one cigarette vs before. 

Key words: mucus, smoking, hypersecretion. 

1 
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.. 
INTRODUCTION 

studies in human ~mokers suggest that abnormalities in mucociliarx 

clearance are one of the earliest functional alterations assoclated with 
( .. 
cigarette smok1ng. In one study 1 tracheal mucus velocity was round to be 

lower in young smokers lhan in non-smokers, (1). In anothel' study (2). 

however. while tracheal and large bronchial clearance rates were normal. 

periph~ral mucus clearance waS slower in smokers 1 suggesting that the 

smaller bronchi are more suspectlble to lhe development of clearance 

abnormal i ties. OUr own StU'::'2S (3) have delineated a structural basls 

for early functional impairnent in smokers 1 residing in early 

inflanunatory change and èpithelial 'abnonnalitie,s in the small airways. , 

A number of investigat.ors have demonst.rated. with histological and 

morphometric techniques, that mucus h~ersecretion .. develops in animaIs 
. 

exposed to cigarette smoke for extencté"a periods of Ume (4-7). Auerbach 

et al. (4) examlned the effects of smoke exposure Jn tl'acheostomized dogs 

and found ex-.tFnsive morphological changes in both parenchyma and 

airways. The airway changes includ~d epithelial hyperplasia, decreased 

numbers of clilated cells, and areas of squamous metaplasia. Wanner et 

al. (8) measured tr8cheai mUcus velocity in beagles exposed to cigarette 

smoke through a face mask. They found 8 reduction in clearance velocity. 

while other aspE:cts of pulmonsry ftJnctlon remained normal, suggestlng 

that changes in mucus clearance are an early result of smoking; 

unfortunat.ely their study did not include histology. Park et al. (9). 

with a similar face maak delivery. a1so found a reduction in IIIJCUS 

• elearance rat-e after long-tenn smoke exposure. Horphological cbanges ln 
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the central ait-ways were noted, incIuding goblet ceU hypet-plasia, but 

not parenchyma1 changes. Since ciliary function appeared unaHered, the)' 

attrlbutec1 the changes in mucus clearance ta alterations in mucus 

viacoelas t.1city, al though this was not tested. 

In tbe study cSescrlbed here, we examined the development of' mucus 

hyparsecreUon in a gr'oup of beagle dogs ,exposed for severai months to 

moderately higb doses of cigarette smoke. Our main purposes wet"e to 

develop an animal model with an êlevated and relatively stable secretion 
It 

level in order to exami:--"" the inter-relationship between mucus 

bypersecretion, viscoelasUcity, and clearance, and to see bow mucus 

bypersecretion related to other aspects of pulmonary palhology. 

L 

t 

,) 

) 
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HATERlAL AND HETHODS • 
We- ' fashioned permanent:. tracheostomies in fourteen acSult bea'gie 

dogs (Fig'. 3.1). Hucus w~s COllectee!) w~ thout drugs by opening the stoma 

wi th an uncuffed t.racheostomy tUb~ insertln~ a cyt:.ology brush. and 

---resting il on the lower tracheal mUcosa fot" a period of 2 to 5 minutes • 
• 

Mucus collectee! on t:.he brush by mucocilial'Y flow. At:. the end of t.he 

c'ollection perlod. the brush was withdr-awn and the mucus t"etn9ved by 
\ 
\.,., ,,) 

Figure 3.1 

Col1eêtion of mucus 'fr-om a d~g wfth a permanent tt'acheo$tomy. The 

t.:-acheoslomy is fasMoned by- excisil'l& an oval segment. of an1:.erior trachea 

an4 Butur!n! the outer sldn directly onto t.he remaining tt"Qchea. The do! 

19 t.hen 1eft for 2-3 wee1cs to rec.over. "~ , 

\ 

, 
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• 

gently Beraping the brusb with a duU scalpel blade. Each semple of 

mucus was weighed. The collectiotl rate was comput.ed by dividing the 

weight of mucus by the tracheal contact j:.ime; this deflned an index of 

mucus flux (1-(». In this study, we also routinely analyzed each semple 

1 

for its content of neutral hexose, using galactose as the standard (11); 

this provided an index of mucus glycoprotetn content. The majority of 

samples were also analy~ed rheologically, uslng the magnetic rheometer 

. technique (12), which gives viscosity and elasticity as a function of 

frequency. 

Hucus was n?rmally col lected twice weelcly before and throùghout 

the smoke exposure period. After a, three to four month in'itiaU,zation 
\ 

p,e,riod, during which time a number of physiologicàl studies w.,ere 

'performed, tbe smoke exposures were beg'o1n. The dogs were trained to 

stand quietly in a harness. and accept a cuffed tl"Qcheostomy tube 

(Fit. 3.2). To genet'ate smoke, positive pressure was applied to a 

lighted cigarette by closing a solenoid valve through which a bypass flow 

of air normally passed. The' Boienoid closure period wa~ set by a timer 

to provlde an average bolus of 35 cc of ,pmoke; it was activated èvery 20 

seconds until the cigarette '.ias smoked down to a standard butt lengt&of 

23 mm. The smoke was fad into the inspiratory line; the dog breathed 
.. 

~h~s mixutre via a Rudolf valve, the expiratory line leading off to a 

fume hood. The exposure method is comparable to that descr'ibed by 

Battista et al. (131. The cigal"aUes' that we ~sed were unfiltered 70 mm 

cigarettes that warA fonnulered to give a bigh tar and nicotine output . 

(20 mg'tar,,1.2'mg nicotine pel' cigarette). • 
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Flsure 3.2 

Smalte exposure metho4. InBet.: 'J.~4ol!, lB t.'rdneeS to st.and quiet.ly in a 

rest.rainins, harness and accept. the insertion of a euffe4 tracheostomy 

t.ube. Smoke lB g~ner~ted when the ~ass flow of air la blocke4 by tem

porarUy elosing the Bo18n014 valve. The Bmoke feeels lnto the inspira-
, , 

t.ory line via a T connecto-r and t.hen to the 40& via a Ru40lf valve. The 
... 

B01eno14 closure Intet"val la f!et to give a mesn bolus v;olumé of 35 CC; 

the t.lme between closures ls set. at. 20 seconds, 80 that. a cil!,arett.e takas 

8-10 minutes to complet.e. The cigarettes usee! are 70 mm unfiltered cig

arettes of a formulation that pro4uces 19.8 mg ter, 1.19 mg nicotine, and 

15.8 mg co pel' cigarette when smoke4 to a s~andar4 bu~t lengtb of 23 mm~ 

To 
·Fume Hood 

,/ 

To Fume Hoocf 

Alr/amoka Tlmer 

JI' 
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The cigarette dose was ineraased gt"adually ovet" a run-in perloeS, 

up to a maximum of 10 ci~arettes, a day. eSeUvered ovar the course of 

about 2.5 hout"s. The rirat two dogs studied (set"ies 1) were exposed for 

a total of 6 rnonths. including a 2-week run-in pet"'iod: the other seven 
'f. 

(4 in series II and 3 in serles III) were exposed for a total of· 10 , 

months each. includlng a 2-month ['Un-in perlod. Flve d"O&S were kept as 

controis. one in series l, three in 'series II and one in serles III. 

On one occaBiion prior to smoking and on one or two. occasions , >' , . 
, \ 

during the smoke exposure periM (alter 6 or 10 months), the tracheal 

mucus elearanee rate, THCR. was observed by a direct 'observation met.hod 
1 

(14). The, dogs were adrtllnister~d xylazlne. an ane~thetie 2 mg/kg Lm .• 

and plaeed in th~ later~l decubitus, positi.on. A flexible fiberopHe 

bronehoscope waB inaerted through t.he ,tr~cheal stoma 1 an~ 5-10 ul of a 

suspension of finely cHvided chat'coal was deposlted on the dependent wâll .. 
of the lower tracheal Jt\Ucosa. ! The progression of l::he leading edge of the 

\ . 
charcoal deposit was observed for a perlod of 5-10 minutes, and THCR was 

computed as the cephalad dlsplacement divlded by the, time elapsed" 

On .everal occasions, venous blood was drawn from t~e doga into a 
\" 

heparinized syt"inge befo~~ the da1ly smoke,exposure and immediately alter ~ 

, 
the t.enth cigaretto of the day. The total hemoglobin content, as well as 

the percent carboxYhetnoglobin. was, determined with an IL 282 Co-oxim&ter 

equipped for the an~lysis of çanine blood. 

At the ,end of the srooke exposure period, the dogs were sacrificed 

following a f1na~ series of lung mechanlcs experirnents. The lun&s 'were 
l' 

exeised and flxed by inf1atin,g ln buffèred fomalin. Segments of the 

, , 

, . 

" 
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lowet" ~t"achea of 6 smoket"s and " contt"ol$ wet"e pt"ocessed for the 
.. -

mealut",ment. of Reid index. which was detennined according to tbe 

procedut"e described by Thul"lbeck and Angus (1-5).? 

IiISULTS 

Pet"slstent mucus hypet"secntion. l-asting for a ,leaat t.he last. t.wo 

monthe ot- exposure, developed in 8 of 9 smoking dogs., The pattern.' 

bow~vet". was quite vat"iable. 1 Figut"e 3.3' i11ust~tés the vadous patterns' 

of e mucus collection t'ah that developed in the 9 dogs. Each point 

represents the mean collection rate fot" 8 sampllng periods Qvet" a 4-week 
1 *' ... 

inhrval. The pattern was extrell1ely .vadable. Tbree dogs illustt"ated in 
\ 

Fi&ure ~. 3 showed a t"~pid increase in muc.us flux, followed by a long and 
, ' 

r~lat_iv~ly sf:able p'eriod of hyperseeretion. Two other dogs showed an 

appat"ent latent pet"iod of about four months bafore the 'onset of 

J\ypet"Secretion. .. 
In contr'ast, the other' fout" dogs showed only modest levels of 

hypersecr'etion ovet- the lO-month èxpos!-,re period. One dog in particuI.tr 

(OM01) showed an early and a laU phase of elevated secr'etion leve!, but' 

,.. • 'long intennediat.e phas,e o~ byposect"et.lon. Another' dog (2JDl) developed

,hypersecretion ea1"1y in the smoke exposure period. but t.his hac;! vanished 

by about 8 months. 

In Figure 3.4 we sununat"ize th,e obset"vations in the nine 

Bmoke-expose~ doga. The data. prcsentl.d are the mucus collection rates 
\ 

over tbe, 3-week per~od 'prior to smoking and the 'last o4-week pedod of 

,. 

\ 

.. 
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Figure 3.3 

Hucus collect.ion rates in the nlne· smoking dogs prior to and during 6-10 

months of emoke exposut"è .. Each data point. 19 the mean of up to 16 'values 

determinecS over a 2-molith int.erval. 
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Figure 3.4 

Hueus col1ect.1on rates in nine smoke-exposed dO&s and five control dogs 

pr!or t.o and during the last month of exposure. Representa tive standard 

èrrors are imHeat.ed. 
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Bnto'ke exposure (except for phase 1 dogs. where thé data pertain to the 

2-week period af~er cessation of smoking). EBCh of the dogs. except one. 

showed an elevation over its original level by the end of the smoke 

exposure periolS. in five cases t.his was quite marked. and in the other 

t.ht'èe it was less so. One of t.hé fi ve controls developed a levei of 

\ , 
hypers9cretion similar to that seen in the less susceptible smokers. 

ln the first 2-4 mot)ths of the study. the mechanical impedance 
.1 

("vhcosity plus elasticity·') of the mucus fell in a11 the smoking 'dogs. 

irrespective of whether they developed hypersecretion or not. This is 

Hlustrated in Figure 3.5 for the seven dogs of series II and III. The 
\ 

mechanical impedance of t.rachea1 mucus from four control dogs did not 

change significantly O'ler the course of the study. By six months of 

exposure the viscoelastic propérties of t.he mucus had returned to centrol 

levels. 

" In each of the smoking dogs. the g~lact~se content of the muc'Us 

. fell over the course of the st.udy. Figure 3.6 showa the data f.or the 

seven 40gB in second sedes II and III. A fall in the g~actosê assay 

could indicsta a reduction in ovarall glycoprotein content. which could 

be consistent l(lth a fall in mucus el'asticity. This appeared to hold in • 
, 

the- 'f1rst two dogs exposed (series 1). where WB found a 

relationship between mucus elasticity and galactose content 

3.7). In t.ems of mucociliary clearance. the mucus proc1uced ffwould .be 

moved slightly more easily by el,Hary action. as predicted by frog palate 

model studies (16). However-;' in serles II and lU. dogs. whlch Wère 

exposed for a longer period of lime, the elast.icity eventually relurned 
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to control levels, while the g~lactose conten't remained" 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 was a change in the nature of the mucus - ei thet' a 

lower fraction of glycoprotein assaying as neutr~l sugar, or a change in 

molecular walgh!:. or ln the nature of the crosslinking. 

There Was no signifieant change in THCR over the course of the 

smoke exposure period t nor was any difference observed between exposed 

'and non-exposed dogs (r'igure 3.8). There was 8 trend (0.05 < P < 0.10) 

~ . 
to an increase in THCR in exposed dogs 1 but this Was matehed by a 

comparable trend in the non-exposed group. 

• 

.. 
f 

, 
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Figure 3.5 

Mechanieal imp~dance (G* at 100 radIs) in seven smoke-exposed dogs ovel"' 

t.he course of the exposuré period. Rach data point is the me an of 10-16 

values detennined over Q 2-month intel"'val~esentative standard 

errors Bt'e shown for dot 2JDl. Hean values of c* (± lSO) 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 ls the mean of up 

to 16 values detennilcted ovet" a 2-month interval. 
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Figure 3.8' 

Mucus eol,lect.ion rat:.e prior lo and after one cigarette in two dogs al 

various times over the course of 10 months of exposure. ~ 
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The values of Reid index are tabulated in the follovinS table 

(Table 3.1). The m~an value of Reid index in amokers vas higher than in 

non-amokers. al though there vas considerable overlap and the difference 

vas not statistically signifieant. 

TABLE 3.1. Tracheal Reid index in amokins and non-amokins beagles. 

Smokers vith·sreater than 5 x aecretion rate Reid index 

9AB2 0.32 

9CL3 0.39 

9CQ2 0.45 

Smokers vith 2-3x aècrf/ltion tate 

9AC1 0.29 

OM01 0.42. 

OMO 2 0.28 

lIon-amoker. 

Ka7l 0.36 

9BP1 0.2" 

0lI03 - 0.43 

9Ap" 0.30 

The earbo~h~oglobin levels attainad after the te~ cigarette in 

the smoking dO&8 vere quite hi,h -- 14.51. ± 3.2'1. '(SO)(H.i6). This , 
compares wi th 1. 2 ± 0.5'1. (11.6) in non-expo8ed dogs and 1.1'1. ± 0.1" (H-10) 

in amokers prior to the day' s exp08ure. Ho systematlc dlfferences were 

noted in COHb level after 10 cigarette8 between dogs, nor vithln dOIS 

betv~en 4 and 9 months of exposure. There vere a1so no dgnifi,cant 

differenees in total Hb content between amok.rs and nr-amokers (15. 8 ~ 

1.1 gldl for amokers betveen .. months and 9 mont'hs ('t}f expo8ure versus 

16.5 ± 1.7 g/dl for non-amokara). 

(, 
1 
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It should be ,ernphasized that these J'Iterations in secretion level 

ara chronic rather than acute. In the dogs in series II. we compared the 

1lIUCUS collection rates before and imroediately aftar the first cigarette 

/ 
of the week on a regular basls, with the assumption th~t the cigarette 

would act as a standard acute irritant. However, except perhaps for the 

first few exposures. there was no significant difference in quantlty o'f, 

mucus co1.lected after the firJ;t cigarette versus the amount prior to H. . ' 

Figure 3.9 illustratea tbè data fol" two dogs. the data for the otper two 

were comparable. There were also no significant differenceQ in the 

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

differences in eit~her the collection rate or galactose content of mucus 

obtained on Fridays, after 4 days of smoking. versus' tbat obtBined on 

Monda,ys. aEter 2 days of non-exposure.. . F1na11y. the mucus collection 

rate in the two weeks fo11owins the. end, of 'the e~osure period wu 

comparable to that in the last four weeks of smoking_ 

, 
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DISOUSSIO& 

sUgbt 

The lack of chang~ in THeR with chronie .moke exposure (ln fact a 

inerease) i8 at r~ariance with 'th-e observaUons o~ Wann~r .t al. 
r., 

(8),. 'who réported a significant <lecreaae in TKeR after 12 mopthl of 

exposore to 20 dgarettes pel" day via a face mBak. The diEferance' in 

findinga could be due to the higher nomlnal cigarette dose uaed in ,the 
, 

latter ~tudy, although it hat! been assu~ed that 10 cigarettes pel" day via 

,'la tt"acheostomy would have a ~reater effec,t be~au8e of the lack of 
JI 

filterirtg action pf the upper airway. In any case, the lack of change in, 
1 • 

THea i~ conai.tent with a numbel" 'of factora asaociatt.ed with the preaent 
, 

.t~dy, including the, favorable al~el"ati~n in mueua i"heology. implYing 

t~.t the cilia. altbough more loaded. were pre8ent~d w~th mucus that vas 

more e~aily eleared. In facto the way in Which our dogs reaponded to the, 
, , 

, . 
'inaul t by alterations in both quantity' and quali ty of mucua misht. b, 

for: a protectlve meehe,nism prevenUng major 
a ,\, ~~" 

o ~ 
j,.- ) 

d~se té the ai~y epithelium or the parenchyma. With higher d08es of 
, 

moke br more prolonged expoaure. the mucus ,overload might beeome too 

'graat. la~ding to • cleh of r.duced el.arance rate.· infeetion.-' and 

damase. 
, \" 

1 

earboxyhemoglobin level. aa in indllx o~ moke exposure. was 

eonsiderllhly mOl'e elevated then that l"epo'l't.ed by Park et al. (9) and , 

indie.tes that the, dOg8 were exp08ed to 1'9gular perloda of hypoxia. 
(\ ' 

, ne.pi te thia fact, the y did not show evi~ence of the polycythemia 

l"epot"ted by Auel'bach et al. (4). The reasona for theae discrepanciea of 

r~lponse'al'e not apparent. 
'-

" 

" 
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\ 
relaUve ipdependence of the variable. relatins t.o mucus 

r 

•• ,erelion and clearanee 
. 

is int.l'trest.ing. The alt.erat.lons ~ mucus 

viscoe1ast.ieit.y and t.he galactose cont.ent. in die Hrst. four mont.hs of 

axp08u:e are consistent wlth the secret.ion of a more d~lute ~lyco~rotein 
, 

mat.rix,. For t.he dogs t.hat did not develop major hypet'secreUon, the 

tot.al glfcoprotein out.put was, probably not much changed, i.e., most of 

the exceas volume' of mucUs could be attribut.ed to increased wat.er 

s,Bcretion. In the dogp that. developed major hypersect'eUon (> 5x 
, 

èontrol), the. faii .in galactose content was far les9 than the rise in 

"secretion volume, indicating that in these d9gs, total glycoprot.ein 

output pr~bably incl"~ased. 

The dhsociaUon between the galactose assay and viscoelastlcity 

!;) 
in 1II0re prolonged exp08ure Quggests an alteration in the biochemica1 

nature of the mucus secreted. This could cer\:ainly be consistent. with 

the secretion of a more acid glycoprotein,. as has been reported ,fol" smqke 

Or SOz exposure (5,6): This aspéct. b ,",orthy of further study. 

The' faet t.hat. TMeR changed very little if at. \a11 J)ver the cout'se. 
\ 

of. J:he smoke exPosure .p."riod .... whUe the "mucus- collecti()n~ t'.at~ vari.ee!. 

, widely. indicates .. that mucus collection t'ete, in thia serIes, lé a 
l , 

t'eesonable ind~cator of secretion volume. It. also showed that the 

c111ary syst.em t'emalned intact, Ot' at least ~un~tlonal. and sugtesta that 

the cilla are capable of handHng a wide . rangé of 108ds, bafora 

1 • 
mu~ei1iary dysfunctton occurs. 

The lac1c of any correlation between the mucus hypersecretion and 

the ' Rei~ i ~ i wh t i i u nue" 8 80me a surpt: 8 ng. xt mlght BUgg8St that the 

( . 

. 
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-
inere.a~ mucus production ia due -to ~oblet cell hyperplasia rather than 

slàndular hypertrophy. Mucus occludins the. lwnens of smaU airways was 

observed (requently in 6mokers ~t not in non-smokers, but an examinatlon 
r 

of t.wo extrem~ cases - a smQker with considerable hJersecretion and a 
" \\ 

"" 'non-smoker with no change in production faUed ~o revèàl any apparent 

exeess of soblet. cell numbers in the emaU airwaya. Thlq might susge,st 
, " 

that the ~cus hypetsecretion was due to structures int.ermediate between 

the amaU' ait'Ways anIS the" trachea. Another pOBsibilUy ls that. the 
~ 

exeess mueus pl'oduction was due mainly to an 1 increas$ ln production ratC1t 

rather lhan an' In~rea9~ iTl production capncity. F1na11y, the alterat.'lon 

in mucus quantity could arise from a -difference in muçous gland eeU 

type, with those wi th a higher volume output being favoureli. 
, " 

In summarr. we have ahown,that. ch~~nic mucus hyp,rsecretion can be 

developed in doga with 6 t.o 10 months" exposure to whole 1igarette' srnoke 

via a tracheoetomy. The hyperse~rebion ls h18hly variable but re~atively 

.t.able, lasting for at least two months, - so that's~oke-exposed dots can 
'1 

be usee! in studi~8 of pul~onary -func~ioo, requir~ng anima18 wlth elevat.ee! 

•• eretion lev,eh. 

.' • '! 
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A STUDY OF ELASTIC RBCOIL AND PA~HYMAL MORPHOLOGY 

.. 

IN CIGARETTE SMOKINq BEAGLES 
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ABITHACT 

Ten tra~heo9t:omized beagles were expo9~d to cigarette smoke for 

per~ods of time l'anging from two to ten months. After an initial run-in 

period, eaeh dog smoked 10 -cigarettes (20 mg t.ar, 1.2 mg nicotine) a day 

over 2.5 hl'. , 5 days a week. Using a point count system, an index qf 

pal'enchymal destruction D. 1. was obtaine~1and compared to a mo.e wldely 

used morphometrlc index Lm. Quasi-static 'P-V curves w~re obtained in the 

prone position from smokers and sham smokers at 2, 6, and 10 months of 

exposu~e. P-V data between TLC and FRC were then fitt.ed to an exponen

tial function of the forro V = A_Be-kP • using an r 2 optimization 

procedure. and ft'om the computer fitted cueves the half-inflation pres

sure h. ~e expon'~ntial constant k, land elastic recoil pressure at 90'

TLC were derived. Although Lm did not differ signifieantly in the 10 

_month smokers and sham smokers, significant differences between the DI of 

the two 10' month groups Cp < 0.05) were found. PL
90

• h, 'and le a11 

demonstrated (p < O. 05) signifi~ant differences in elastic l'acoU in the 
~ . 

10 month smokers and sham smokel's though neith~r of the threQ correlated 

with Lm Or DI. Of .the three test.s kwas found to be t.he best predlct.or 

of 108s of e1astic recoU. These findings suggest that 110 months of 

exposure to tobacco srnoke 15 sufficient to demonstrate a signlficant 109s 

of elastic recoil. Our results a1so suggest that DI ls a morè sensitive 
~ ~ 

index than Lm if{ detecting and quantif.àting eat"ly parenchymal changes 

assoclated with cigarette smoking. 

Key words: cigarette sm6ke, elastic recoil. parenehymal destruction, and 

exponential analysis. 
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INTRODUCTION 

The pulmonary abnormalities produced by or associated with 

cigarette smoking are multifactorial. These include abnormalities of 

mutus clearance (1-4), slterations in pulmonary epithelial structure 

(5,6), airway reactivity (7,8), and changes in pulmonary vasculalure 

(9-11). These changes are clearly t;'ecognlzable when the disease ls 

, already weIl established but the order of development and the interaction 

between them ls nol fully understood. It i9 thus important to develop an 

animal model of tobacco smoke injuC'y that enables the investigator to 

study the natur~l progression of the disease and allows to sludy 

morphological-function correlates in the early stages of the disease. 

The affects of chronic exposure to tobacco smoke in dogs have been 

described. Auerbach et al. (12,13) examined the effects of smoke 

exposure in tracheostomlzed doge and found extensive morphological 

changes ln both parenchyma and airways. Frasca et al. (14) found 

extensive changes in parenchyma. in particular an increase ln the number 

and size of fenestrae. Park et al. (15) using a face 'mask delivery 

system found modest 'changes in FRC and pulmonary resistance aftar one 

year of smoking. No psr-enchymal changes were found however in the 

canines. 

Variqus attempts have been made to st.udy pulmonary function in 

human smokers. These studies however are for the most part cross 

sectional in natur-o a.nd 1 not longitudinal. lnvestigators have lookec.1 at 

suoh indices as' elasllc recoil pc-essures al standard volumes, fo!"ced 

expiratory flows. and the pressure-volume relationship of the lung. 
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Puln\onary eompliance has been use4 t.a analyze the recoil properties of 
, . 

the lungs by mea9uring the slope of the deflation limb of the P-V curve . 
in th~ tldal range. The compliance expresses the volume change pel' unit 

of pressure change in L/CrnH
2
0, Problems, however, arise by the use of 

chord compllance when comparing different indivi~uals and when comparing 

healthy versus diseased "subjects. The fi.st problem arises from the 

direct comparison of recoil propert1es of individuals of different sex, 

height, weight, and lung volume. Compliance measurements are further 

complicated by ~he curvilinear1ty of the pressure-volume relationship and 

the use of linear approximations over a comparatively small volume 

range. Predicted lung volumes th~ are based on anthropometrlc data are 

subject to sorne varlability hence a"e of questionable value in' making 

corrections. 

In order to bypass these difficulties Salazar and Knowles 

introduced an exponential mathematicQI expression describing tbe e~astic 

recoil forces of the lung (16).v They found the pressure-volume 

characteristics of the lungs could be described by the following 

èltponential function!. .' 

-kP 
V ~ Vo (1 - e ), (1) 

where V and P are the actual volume and pressure data and Vc> ls the 

maximal pulmonary volume measured from the restlng position. The above 

expression can !ccommodate volumes ove[" \~e whole inspi~atory capacit~ 

and does not require the use of FRC as a refer'ence' point, Due to the( 

- ... , 
curvilinearity of the P-V relationship t.he curve can be visualized as 

ha"tng an infinite number of/different slopes. 
J 

The volume change per 

'" , 

, 
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unit pressure change can therefor~ be expressed as Hs dedvative wi th 
,~ 

) dV/dP tending to 

~olume Vo. dV/dP 

zero as the volume approaches the maximal pultnonary 

i9 clearly then a function of, the difference (Vo - V). 

Salazar ànd Knowles expresses this by the following ~~uation: 

dV/dP = K (Vo - V), (2) 

where J< = constant. If one assumes thal V c: 0 when P = 0, the solution 

to ~e differential equation becomes 

(1 _ e-kP). " 
V = Vo 

which ls identical to that ghren in (1) . Vo represents the volume at 

infinite preli'sure whereby dV/dP = 0, and where Vo is greater than the 
~ 

inspiratory . capacity, 
1 

As previously ment.ioned the P-V curve can be 

;1 

fitted over the whole range of volumes above FRC. Below FRC, the data . ". 

deviate from the exponentlal function, possibly due to àirway closure às 

well as art.ifact in the esophageal balloon measuremen"ts. produced by the 

1 mediastinal conte~ts. 

By virtue of the exponential character of the equation, Salazar 

introduced the concept of the half-infl,ation pressure h, which can be 

descrlbed as followa; 

-kh , 
e = 112 or h'::: 1n2/k (3)\ 

Since the palf-inflation pres$ure h is independent of lung volume, il ls 

of practical import.ance. Salazar and l<nowles (~6) demonslratetl this from 

data taken from Nissel et al. (17) whereby the half-inflatio~ pressut'e h 
, 

~ . d rema,lne unchanged desplte changes in absolute lung volume. Salazar 

found no correlation between h, and such indices as FRC, h~ight. VC, and 

" TLC. Fut"thennore .they found h to be constant throt;'ghout the le 1 range. 

J 



Consequently h~ be regarded as an index of the stiffness of the 1ung 

or more simp~ y as an index of the steepness of the slope. Thus with a 

smaller half-inflation pressure h. one would expect a steeper slop~ or in 

other words 1eES transpulmonary pressure necessary to reach a designated 

volume, 

Exponential analysis has been used to descr-ibe the effect of aging 

(18,19) and to assess the 1055 of elastic reeoll found in ernphysema 

patients (20-22). Paré and cç.-wo['kers concluded that the exponential 

constant 

although ~ 
was the best predictor of. emphysema in individual subjects, 

J 
failed to distinguish patients with mild emphysema from those 

( 

without emphysema (22). Greav~s et al. demonstl"ated a good co['rel~tlon . 

between emphysema· grade and the exponentia1 constant k on post-mortem 

lungs (21). Berend et al. found a similar correlation between k and ... 

emphysema grade in excised lungs from patients with isolated ,tumors. 

However, tests of elastic recoil (either k or chord cornpliance) were 
\ 

ineffective in distinguishing patients wHh mild emphysema (score 50) 

from those without. while diffusin& capacity. particula'rlY the f['actionsl 

uptake of CO co['['elated better with the degree of fmphysema in this range 

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

values of k in patients wHh a clinical diagnosis of emphysema whep 

compa'red to controls (20). 

The effect IDf smOking on pul~onSlry- mecbanics in this ,study was 

\ 
assessed by sedally fHUng t.he quasi-slatie pressure-volume deflation 

curves t.o the single exponential function of Salazar and co-wot'kers 

(16).' This method allows the computation of a shape faolot' (lt).· 

/ 

" 
, 1 
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interpreted as the bulk elasUe eonstan-t of the lungs, which may be 
\ 

compared for eacb dog before and aftel" the smoking or control 

intervention. In .-addition, necropsy bistologieal examination of the, 

lung~ allowed the quanti,(ative ass8ssment of the effect of smoking by 

. comparlng, the physiologieal data with the destructive index (D.t.). a 

mOC'phometric index introduced by Saetta et al. (24). which uses the 

àbnormal or destructive fenestration of alveolar wal~s as an ear1y marker 

! 
of emphysematous change. Some of· the dog lungs were 81so micro-dissected 

• and prepared tu. scanning electron microscope s,t.udies. 

The principal objective of this. study was tO,atternpt. to define and 

characterize bo.t.lL tnPrphological and functional changes in a chronic 

canine model of tobacco smoke in jury . The exponentiàl constant k, 

" half-inflation pressure h, and PLgO were aU usec! to a9sess' any 

possible 109s of elastic recoil. 

MATERIAL AND H ons 
, 

Sevente nonnal beagles welghing 8 to 16 ~g ,!ere selected for 

study. Each dog was surgically prepared with a chronic tracheostomy 

th en left fo[' at least three weeks to rec.ovel,"'. None of th~ dogs had aoy P4 

indic.ation of any t'cspirator:y infection' tht"oughout the duration of the 

'" 
study. A nu~ber (lf physiologiea1- studies/were perfol"med to 

values dudng a fqur month inll:(!.alization period. 

establish 

control Cigarette 

smoke exposure began immediately after this phase of the stud:r. 

1 • 

,1 

, 
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Smo1ce exposure met.hod 

The deliveliY syst.em employed for the the study was sirnilar to 

ot.hers described in the literat.ure (25). The dogs were tralned to stand 

quietly in a harnass and accept. a cuffed tracheos\:.omy tube (Fig. 4.1). 
, 

To generat.e srnoke, a positive pressure ~as applied t.o a lit cigarètte by 
" 

doslng a solenoid valve through which a bypass flow of air normally 

passed. 
. /' 

The solènoid closure period was set by à timer to delivQr a 
" 

3S ml bolus of smoke to t.he inspirat.ory line every 20 seconds unt:ll the 

Figur~ 4.1. 

smolce exposure system. To .$enerate smoke a positive pressure 18 applied 

t.o a lit. cigarett.e by èl~g a sole~oid valve through which a bypass 

flow of air normally passes. Inset.: View of dog in tlarness wlth cuf,f&d 

tracheostomy tube. 

1 

To 
Fume Hoad 

Fresh Air 

Alrlsmoke Tlmer 

To Fume Hood ., 

, , 
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elsaratte ~a8 smokad to a standard butt length of 23~. After the smoke 

'\ 
WBB fad 'into the inspiratory Hne. the dog breathed tt..-mixtura of fresh 

air and smoke via a Rudolf valve with the expirat.e ~eading off into a , , 

fume hood. The cigarettes Jhat were used were unfiltered 70 nun hlgh tàr, 
'1 • 

,bigh nlcotine cigarettes (20 mg tari 1.2 mg nicotine). 'l'he cigarette 

dose was increased gradually over a l'un-in period of two weeks up to a 
/ 

'maxif1lUlll of 10' dgarettes pel' day l" delivered ovet' the 'course of 

approximately 2.5 hrs i 5 days a week. for a ten-monh period of time. 

A11 dogs ceased to smoke three to five days prior to t.he initiation of 

the experimentàl procedures . 

rressure-volume cu~ves 

Rach dog waB studied under sodium pentobarbit:.al (Nembutal) 

anesthesia in the prone position. Alter being intubated with a cuffed 

endot:'racheal tube a venous line was established to maintein the level of 

anèst.hesia. Heasurements were made in 8 volume displacement body 

plethysmograph. Excursions in volume were obtained from t.he 

plethysmograph by the rnovement of the wedge spirometer which displaces 

the core of a linear variable different.ial transducer (LVDT). Flow at 

the mouth was measured with a Fleisch No. 2 pneumotachygraph connected to 

a validyne (HP 45 ± 2' cmH
2
0; 

, ~ 

Validyne Co .• Northridge l CA) pressure 

transducer. Transpulmona~y pressure was obtained by 'the electrical 

subtraction of Pes from Ptr and was measured' with a differential pressure 

transducer (Validyne HP 45 ± 100 cmH C). An esophageal balloon (5 cm 
2 

long; cit·cumference. ,1.44 cm) was attached to PE~200 pO,l~thylene t.ubing 

Q 
" 

" 



. , 

- 17 -

.. 
with,mùltlple side holes within the balloon. rhe b~lloon was passed lnto 

the stomach ancS then wlthdrawn gradually until a negaUve pressure w.s 

recorded. The boUoon wes then posit.loned to record a minimum 

transpulmonary pressure swing dudng an occlud~d. breat.h. Fut'bher 

Il 

acSjustments were then made to minimize cardiac artifacL Balloon .vol~me 

W8B maintained at 0.6 ml and checked periodically throughout the 

• 
experiment. A second catheter (PE-200) with ih ebd sealec!, but. with , 

numerous side holes in its terminal end was placed int.o the' tracbeal 

cannula to measure' cbanges in tracheal pressure. All signds were 

recorde!! on .a Hewlett.' packard' 8-channel recorder. Funetional residual 

capacity (FRC) , defined as ,the lung volume at end expiration dudng 

spontaneous breathing, was determined by the metbod of Dubois et al . 
1 

(26). Ta measure quasi-statie lung pres.sure-volume curvès a system of 
~f ~ 

electronically controlled 901en01d valves was connected to a flo,"" metel;" 
. 

and vacUum reservoir. This was used to inflate and deflata the lungs at 

a constant flow. After a' volume history was oblained the dogs \IIere 

inflated 'to TLC which was cSefined as the lung volume at Ptp ::a 30 

emH
2
o. From TLC. the dogs 1ungs were deflated nt a constant flow rate 

, 
of 50 ml/min' t,o RV ancS th en reinflated to 15 çmH

2
0 to relieve any 

brqnchoconstriction. 

QUasi-statie pressure-volume eurves obtair.ed as described above 

were p10tted on 25 x 38 cm graph paper and digi tized manually, 'obtaining 

at least 30 points to span the range of lung -rvolumes ft'ora TLC to PRC. ~ 

• 
. ) 
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AU P.-v points above F~C were fitted ta a e1n,le mono exponential 

equat.ion: 

V A Vmax - (Vmax - Va) e-kP 

uaint, an int.eract.ive least-aquares technique on the original scale 
.. , . 

(noh-transfonned) data. . Adequaey of fit was' test~d by comput.ing r 2 , 

'th. reaidual variance,' and in selected cases by t.he runs test.. This 

m.thod of analySis provided a satisfactory fit. in the majorit.y .JE th PV 

eurves. Values fo~ the transpulm0r,tary pressure at. 90~ of mea8ured TLC 

(PLgO) were dedved from t.he computer plot.ted curves along with h,· .the 

half-inflation pressure and k, the elèponential conçt.ant describipg the 
l ,--.J u 

ahape of the curve. All. data was subjected to statistieal analysis using 

paired and ~npalred two tailed t-tests. A value of p < 0.05 ' was' 
( 

considered ,signifieant. 

noçt>f\OibkY 

AU specimens wece fixed with lOf. buffered formaUn by 

Intral>ronchia1 infusion for at leàst 48 hours' at a constant distend!ng 

'" pressure of 20 cmH
2
0. The lungs were th en sectioned sagi tally and 

random t.emplstes oblained for llght microscopy and scanning elec'tron 

microacopy. The parenchyma1 destructive index (DI) was calculat.ed ,fOl' 

the two groupa ,by light microscopy, using a pQlnt count met.hod to 

quantitate the llercentage al destroyed apace as a fraction of the total 

alveolar and duct space (SaeHa' et al. 24). The mean linear Inter:-cept 

<Lm) was 6190 detenlilned for the smoker:-9 and non-smokers., ,Pieces of lung 
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parenehyma adjaeént to those hken fot" light J1licroscopy wet"8 furt'her 
" 

diaseeted to expose the terminal bronchiole and distal alveoU. The 

Ipae'imefia wel'e then fixed in gluteraldehyde and 'tnen dehydrated with 
, 
staded,acetone solutions. After debydration specimens were dried b~ thé 

cdt.ical point: rnethod of Wang and W~i (27')using liquid CO2 and thén. 
" >\ ... l ' 

~ourited on alwninum blocks for spul:.tedng with a gola-palladium 'mixture. 

\ 

. , 

.. 

"" 
. 

• 
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R&FULTS 

, The. q~alit.)" of 'fit for most dOgB was very good (Fi~. 4.2) ovel' thé 

volume' rongQ ù~ed, "both wH." regard to t.he reduct:ion of original varia,!ce 

89 suggssted by Salazar. and Xnowl-es (16) and on visual 
" , , 

inspection. At least three' p-it curves were obtained from eac:h dog at 

eont.rol, t.wo, sb, apd ten months of étudy.' Qitb few exceptions, 

'\ 
\ 

----.- ~ 

J'igut"e 4. 2 

An 'example of P-V relationship d'el:"h'ed by fit.ting the original non-

" transformed data to an exponent..ial funcHon (dog 9CQ2, cont.rol)'. Data /' 
1. 

, points bet.wel!n TLC and FRC were fitted to the curve. 
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/ , 
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individual p .... v curves were bighly reprodueible in eae.ll ~oS, The P-v 

relationships derlved by fltti'ng the original nont.ransfortned dat.a to t.he 

monoexponential funct.ion demoDstrat.ed a significan~ 1099 of 01ast.ic 

recoil in thè smoking grôup at. 10 months of exposure. AU of t.he tests 

used (PLgO ' .. h, kt ",nd DI), except Lm, 8éparat.ed t.he lQ-mont.h 

non-smoker!'t from the smokers. The individual dat.a for PLgO' DI, Lp\, h. 

, and k are suÏnmarlzed for t.he two group,s at 10 'months in Table 4.1. rhe 

Table 4.1 

Definition of abbreviat.ions: DI - destructive index; le - bulle' elastie 

constant.; h - half-:l.nflation pressure; PLgO - lranspulmonary 'pressure 

at '90~ ~f measured TLC. 

!lATA AT TEN IIONTHS OF STUDV 

10 HONTH SMOKtRS Pl90 h K DI, LM 
, ( H-7 ) ), -

9ACl f 9.25 2198 '.2~3 ,8.6 .158 - ., 

(11)1 9,24 2.82 .2~6 6.6 .124 
0/".02 10.42 3.33 .200 9.8 .144, 
9CQ2 10.97 3.66 ' , .190 16.6 .164 

.1082 3.30 .210 20.6 --~-

2JDl ~.59 .151 9.S 
2HU 3.()'l .224 8.0 

--'--

,3.~O~;S9' .209%.03 Il. 39%5. 2 .1482:.017 

10 HONTH NOHSMOKERS 

( tl-If) 

9BPl 0.39 

01'1>3 12.85 

:S.Bq .181 .>0 .132 
4.38 .159 6.1 .15S 

.. ~ 

" 
" , 9AC4 15."~ . t8S .11f3 ~r~5.8 .153 

2OU3'. 10.92 . q,OO .I1Q 7.5 
.' 

12.l/%2.29 q.27=.QS .1611=.02 5.6=1.89 .1'16::.012-

" 
, r 

"- J 
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mean-initial pre-exposure values for PL
90

, k, and h were not 

..sisnifieantly different smokers and non-Stnoket's. The 

half-inflation pressure h, whic~ represents the trsr,spulmo'lary pressure 

needec1 to inflate the lung to S~ of the maximal pulmonary volume from 

the resting volume Vr, and was significantly smaUer Cp < 0.05) in the 10 

month smokers whan comparee! to the non-smokers. The mean haH-inflation 
~J 

preasur') h fot' the smokers was 3.40 :t 0.59 cmH
2

0 and 4.27 ± 0.45 

emH20 for the non-smokers at 10 months. The exponential constant k, tn 

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 

-1 . cmH 0 and 0.164 ± 0.017 
2 

-1 
CrnH

2
0 f or the non-smolters at 10 

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

)' 

values given by Haber et al. (28) in excisad dog lunga Hllec! with air. 

PLqO was signifi~antly lowf!r at ten months Cp < 0.05) when compared to 

thè non-smoket'~. Of the three physio19gica1 pararneters usee! t.o assess 

10es of elasti~ ~ecoi~ ~s-the most sensiti~e ane!, res~lted in the best 

• Q • 2 
8ep8t:'ati~ of the two groups. The mean value of r wes 0.99 ane! most 

of th~ P-V relat.ionships passee! the t'Uns test. There was no significant 

2 
differen~e in the mean r values between smokers ane! non-smokers and /' 

/ 
fotherrnore h. PL

90
• ane! k were aIl highly t'eproduq i ble in both gro~ps... .. 

The ~xpônentlal constant k correlated' w$11 w!th both PL
90 

(r .. 0.843. 

P < 0.01) and h (r ; 0.981. p < 0.001) respectively. 
e , 

, ) 
~ Sevèral of the, dogs that were studied were inwnatur,e at the time of 

~ ~irst study (10-10 1/2 months), and it was apparent that 'their P-V cut'ves 

were of different shape than older control beagl~s. When we analyzed the 
" 
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P-V eurve ciata in terms of 'absolute age, we foune! the relationship 

- illustrated in Fig. 4.3. The me an k values for ,the seven'dogs studied at 

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

beagles ovar 1 yeat' in age on first study (0.225 ± 0.021 versus 0.186 ± 

0.019, P < 0.005). The control data for (first study and sbam smokiht) 

Figure 4.3 . ' 

9U11c elastlc constant le versus absolute age. Open symbols t"efer t.o 

non-smoking or shllm srnqleing dogs. Filled or pat"tially-filled symbols 

l'efet" to smoking dogs. Solid Hoes inicate sedal data' in individual 

dogs1
• The da shed lina i5 the l"ine of best Ut for a11 control polnts 

greatér than 12 months. 

0.30 . 
oNon smoh, 

'. G 2 or 6 mo. smolttr 

0.25 

~ 0.2à 
E 
~ 
~. 

0.15-
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1 . 1 1 1 ~=I 1 1 
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described a nearly horizont.al Une with a slight downward slope (r = 

-0.18, slope = -0.00044). six of the seven data poin,ts for k at 10 

months of smoking 1ay above the line of best fit. FurthennoC'e. in six of 

lbe seven smoking dogs, the line of best fit (ignoring d.lta for less than 

1 yeaC') showed a positive slope. AIl four non-smoking shams showed a. 

slight negati ve slopa over t.he same lime frame. The diffeC'ence i9 

significant. 

DISCUSSION 
,-., 

It is generai1y believed tha't cigaC'ette smoking can lead to the 
'. 

d~~elopment of emphysema in cerlain, people. previous inve9tigators hàve 

e.Uempted to correlate lung function and. emphysemp by making either in, 

vivo measurements of pulmonaC'yf) function 
/ , 

in patients with a clinicat ,. -, 
'1 • 

diagnosis of emphyserna oC' by the ana1ysis of postmortem excised lungs oC' 

lobes. The anatomical destruction of lung parenchyUla in emphysema has 

besn related' to the functiona1 10ss of elastic recoil pC'es.lmre. Our 

study tested the ability of 3 tests (PLgO' k. h) ta assess any early 

10ss of elastic t'ecoil pC'essure following ten months of cigarette smoke 

exposure and t.o relate tJlese changes to two mOC'phomet.ric indices of 

parenchymal destruction (DI and Lm) • Invesligators have alt'eady 

demonstt'ated a decreqse in lung elasti~ recoil with advanced anatomieal 

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

elastic recoi1 'associated wi th cigarette smoking in an equivalent model 

of a seven pack year smoker. 
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The first attempt ta de scribe the P-v 

function was done by Salazar and Knowles ~. 
curve by a rathét!latical 

Niewoehner and co .... workers 

on the other hand proposed a different exponential model with two 

independent. constants describing the effects of elas,tic behavior and size 

"-
on the P-V curve (31). paiva and associates used a sigmoid mal;hematical 

model to desct"ibe the P-V curve and found it c-esulted in a batter fit 

than the currently used monoexponential function used in this study and 

flrst proposed by Salazar and Knowles. For the expiratory curves the 

model of Paiva provided a shnificantly better fit. than that of Salazar 

in 20 young subjecls (32). 

ln our st.udy, the Salazar equation provided an aceurate 
\ 

description of the deflation limbs of the p-V. relationship over the range 

of vol.umes used. This eq'uation provided a better fi\t th an did the model 

of paiva and associates (32) as was det.ermined both by visuel, inspéction 

and by the reduction in variance afforded by the theoretical P-V curves 

(Fig. 4.2). Numerous studies have dernonsh-ated a 109s of elastic' reeoi t 
with age (18,19,33-36). A decrease in elasUe reeoU has al$o been 

. J 1 

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

equal to 5 (36). Our results indicate that signifieant changes oceuc-r,ed 

in elas~ recoi 1 in the 10 month smoker:s when compared ta the 

non-smo1<ers even lhough the smokers hadt no indication of emphysema in the 

classical sense, 1. e., ait'spaee enlargement:., since Lm was normal. 

Gl."eaves et al. found thst the exponential constant kwas related 

te the mean linear intet"cept:. (Lm) whiçh atlernpts to define mea; alveolaJ 

,. 
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diamehr in the maxima 11 y inflated. liquid fi1led lung (21). The Mean' 

linear intercept of four smokers and four, non-s~kers (Table 4.1) showed 

no significant difference between the 10 month smokers and non-smokers. 

" A major l!.iJitation in the usefulness of the" Lm in quantitating emphysema 

i9 that increased dUation in the absence of destruction leads 'to an 

increase in Lm unrelated to classic ernphysema. One also tends to find an 

increase in Lm il) an aging lung with non apparent parenchymal destruction 

(21) . In this st.udy we compared DI with Lm in a series of lungs of 

smokers and non-f':'fIIokers. nno ':':l addition made a comparison between DI and 

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

(DI) separate~ the 10 month smokers from, t.he controls (Table 4.1). DI 

however was not found tQ correlate significant.1y wit.h -either the half 

inflation pressure h, the exponential const.ant. k, or PL
90

, perhaps due 

to t.he small range. of DI values determined. Saetta et al. found DI to 

correlate best with PLgO and .found it to be, a far more sensitive test 

in dist.inguishing the smokers and non-smokers when compared to Lm (24). 

The exponential co~st.ant k is beneficial in that it is independent 

of lung volume and uses a much great.er range of volumes t.han do other 

conventional means like chord compliance. This study confirms t.he 

observations" of Paré et. al. (22) that. k the exponent. laI const.ant wes the -
best predictor of 108s of elastic t'ecoU in t.he smokers when compared t.o 

ei ther h or PL 
gO 

Berend et. al. (23) found the use of le did not 

improve the discriminatory polier of bhe P-V cune to detect emphysema. 

In fatt thAy found measurements of diffusion 9uch as Fco ta correlate 

best with the ~ade of emphysem8: 

j - --. 
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The values of h obtained here for our c~ntr-ol dogs ar-e smaller 

than those calculaled from the figures pr-esenled by' Wohl and eo-wor-ker-g 

(37). Il must be emphasized that these author-s did staUc P-V cur-ves 

inslead of quasi-slatie P-V cunres and may have" employed' a differ-ent 

technique of fitting the data. The hali-inflation pr-essure h, separ-ated 
\" 

out the 10 month smolcer-s from the non-smoker-s (p < 0.05) but faUed to 
'\ 

cor-relate with DI. In an unpaired t-test for- the individua!. 10 month 

dat,a PLgO was, ~sufficiently sensitive to separ-ate out the smokers fr-om 

lhe non-smokers (p < 0.05). Saetta et al. (24) found DI to cor-r-elate 

best with PL
90 

(r = -9·61, P < 0.05) in a study of 23 human smokers 

wher-eas in our own study in beagles it did not (1." :z: 0.096). , 

tlumer-ous invesUgators have suggested other melhods to correlate 

pulmonary function with postmor-tem or post-surgery mor-phometric .. 
measurements of emphysema. Burrows et al. (38) found measurements. of 

diffusing capacity c~rr-elated weIl wlth emphysema ~rade Whereas the 

studies of Boushy et al. (39) and Park et al. (29) coneluded that the 

bes\. predictors of ernphysema were diffusing capacity and statie recoi! 

pr-essures comb ined tpgether-. 

Frasca et al. (14) produced pulmonary flbrosis and emphysema in a 

study in whieh tracheostomized beagles were exposed to cigarette smoke of 

higber tar content than our own for 7 days a week. at a pe~k _ dfse of 

seven cigarettes a day for a maximum period of 4 months. Examination of 

the lurtgs by scanning electron microscopy revealed subpleural en largement 

of air spaces and widespread air spaee en largement witb scatt.ered tlssu~ , 

destruction in aIl lobes. In vie'" of these resùlts 'we might. bave 

-
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expected comparable changes at the very least in ,!iew of the faet that. 
. 

our dO&9 smoked fol" a longer p'!riod of Ume, Exami'nation of tbe electron 

micrographs (SEM).provided by'Fr8sca et al. (14) demonstrate in a rether 

strikirtg way t.hat" despite a sllght increase in t.he number and sh;.e of 
'l 

fenestrae in our 10 month smokers they appear to be np more affected than 

/the controls in the Frasca st.udy (Fig, 4 ,,4) , 

In conclusion, our results are consistent with the idea that, with 

10 months of cigaret.t.e smoke exposure. t'le exponential constanb k, the 

half inflation pressure h, and PLgO ware a i.l I1ble to demonstrate a 1099 

of elastic recoil pressure in the 10 month smokers wben compared to the 
1 ~ • 

10 months con troIs , Kwas the bast predictf of 109s of elast~ic recoil 

but did not correlate· with a morphomfric index of .parenchymal 

destruction. DI, The mean 11near interc~pt (Lm) faHed to distinguish 

smokera from non-smokers at. ten months due to considerable overlap in the 

data, Examination of the data of Fras.ca et al, (14) reveal that 

considerable parenchymel damage was pt"oduced in theit" beagles whereas in 

our own study results of the scanni~g eledron mlcrographs denionstrate 

only s11ght# altet'atlons ln a model whefe the .caninès smoke~ for a longer 

period of time (10 mont.hs as opposèd to 4 months), The Salazar equatlon 

proved to be an effective means of assessing aarly 10ss of elastic recoil 

i 
• pt"essure in our ehronie model of cigarette smoke exposure, 

\ ) 
, 

r 

; 
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Figure 4.4 

Eleetron micrographa taken fram smokers and sha~-smokers. 

(a) Electronmicrograph of 
alveoli of ~ shdm-smoker, 
showing numerous fenes~rae. 
(x 200) (from Fr8Bcà et al.) 

(b) Ele~ttonmierograph of 
a\veoli of a 4 IlOnth amok- ' 
er. Alveoli appear diator
ted vith numerous fenestr~ 
bridged '},y delieate atraods , 
of tissue. (x 200) (fram 
Ftasea e.t al.) 

(c) Electronmierograph of alveoli of a ten 
month smoker from the present study (dog 
~CQ2). The fenestrae do not appear ta differ 
significantly in number or 81~e from the: sb-
81D'7smokers of l'rasca et al. (x 300) , 

\ 
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OUr re.ulta In~Heate that in an equlvalent mode! of .a sev9n-paek 

year sJIIOker. thera 1. a algnificanl. loss of elasUe reeoi! as 4etennined 
~ 

by three indices of pulmonary function. The transpulmonary preSSUl;"e at 
J> 

90!. TLC (PL 9Q). the half-inflation pressure (~ and the bulk elasUe 

const.ant (k)' were a11 usee! to assess 10s8 of elastic recoil. We related 

these changes to tw~ morphometde indices of pat"enchymal destruction (DI 

and Lm) and t.t"led ~ estabUsh a '~orrelat1on 'between the 108S of 

functional elasUc t"ecoU and parenchYmàI dest.ruction. 
'~ 

Pathologieal studles on lun'ts obtained from human smoker: 

demonstt"at:e a clear relationship between the number of cigarettes SIIIokect 
,..... 

at;'d th~ duration of t.obaeeo exposure to the degt"ee of emphys8IIl8 and 

'pulmonary fibros1s'" (1,2): Short-t~ure t.o cigat"ettes has been 

found to proe!uce certain morphologieal Itlt.eratioJ often seen in modela 

" of experimental 81J1Physema. 
~ ~ 

The enlargement of Intet"alveolar pot".s into 

fenestrae has - hE!en deseribed ln t.he lit.eratut"e (3). Examination of 

electron mierographs taken From a -month smoker (dog 9CQ2) show -t,h,t. 

t'he fenestrae 60 not tlppear to d1ff,e significantly in numbet" or size 

from the shrun S1!'0kers ,,~ this stud1 artd rom the sham amokers of Feasea 

et al. (3). Pulm~ary fibrosis and e hysema were produced in .beagle 

dogs ;oy 

time in 

dlt"ect inbalation of cigaret e smOke ovet" a four month period of 

the latter study. OUr ~lure to fine! equivalent morphological 

evidencp of' entphysèma and pulmon 

believe that out" dogs were less 
. 

Frasca' s dogs. Since the doses 

fibt"osis i6 our flndings 18&49 us to 

t.o the smoke, eXposut"e than 
('" 

re comparable we would lt~ve expected 

similar results otberwise. Since fenestrae have been show to coalesce 

• 

\ 
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together (4,5) pOBsibly leaelins to the dilatation' of alveolar duets and 
\ 

reapiratory bronchioles it WBS important to observe !f these results vere 

found' in our model ~d, if found, tD see if th,,. dilatation .could in tum 

l'esult in the shortening of interalveolar septa and the enlargement Df 

alveoU as bas been already desct'ibed in the literatul:'e (4).' 

Close examinatiDn of eleetron micrographs taken from the smokera 

aod sham smokers from the pMsent study support the hypothesis of~ Saetta 

" ~. -
et al. that alveolar' walls are first. desttoyed and then t.here la 
( 

< e91argement of air spaces (6). 

On this basis one eould expeet tD measure abnormal values ~f. DI 

. wben Lm vas still within nonnal limit.s. Our findings support t.he above 
'-

1. 

1typothèsis in that there were signifieant. differenees in the destructive, 
, , 

index (DI) at: ten months of smoke exposure when the values of Lm were .. . 
very dJlli1ar for both groups. One important yariable in the metbodology 

of tm tleais with the ~e&ree of inflatiDn at.the tlme of fixation. If the 

lung is too emphysematous it will tend to overinnate and if it is 

slightly fibrotie it may underinflate. Despite numerous attempts ta deal 

with this problem no methodology 'ls at present avail}ble to insure 
'\ i J 

perfect inflation. Beeause the DI ls a ratio and therefore 
il 

dim,nsionless, il:. ls less affected by minot' f.1iffe~enees 1n inflation 

(6..) • 
,-

In the sl,:.udy of Saetta et al. DI W8S found to eorrelata 'best vith 
~" 

the PL 90, whl-:t'eas in our study it did not eOI"~alate, signifieantly vith 

aither PL 90, K, or h. )perhnps due to the smaU range of DI values 

---dete-:mined. Regardless of the lack of r.orrelation it ls interesting lo 

1 

, . 

;fl' 



l, 

.' 

• 
96 -

. ) 
note t.hat· Berend et al" d9ll)onstrat.ed t.hllt. changes in elastie reeoil may 

oeeur in t.he absence of anat.omieal emphysema in smokers (1) . . , 
Thus. it would ap~ear from our results that subtle chang~s in the 

~ 

DI may in part ~ve brought. about a fpncHona1 10s'9 of elastic recoil. 
, , 

in vie~ of t.he lack of correlat.ion bet.ween DI an~, the t.hree param"ters 
./ 

(K. PL 90, h) we aeknowledge t.he possibillty t.hat loss of elastlclty and 

anat.omical dest.ruction may progress along non-parallel pathways and may i/I 

be re1ated only colneidentally. as ha~ been suggested by Thurlbeck (8). 
, /-

Single, exponential funetion~ have been used tu improve the 
1 

quantitative representatioh of elastic recoil in stat.le Of' quasi-staUe 

P-v curv~s. Sinee t.he volume reached at any give PL' is dependent ,on t.hè 
~, . 

t'et.ractive propert.!es of t.he 1ungs. fittlng an exponential to t.he "dat.a 

</.pèrmits one t.o expr:~ss t.he mea~urement.s in a fom t.hat is independent. of . 
lung volume. The overa11 pressure-volume eurve, and "the exponent.ial 

rfunèt.ion fit.ted to }t pe~its~uantifieation of t.~e eontinuous change in 
"C , -1 

slope of the P-V c~rve in tunits of cm ~20 Glaist~ et al. 

eoncluded that. the use of chord complianee was unsat.!s'factory due to t.he 
(. 

non-linearity of the P-V curve (9). One distinct. advantage i9 that the 

bu1k elastie constant K describes t.he behaviour of the P-V eurve over the 

/ 

ent.ire inspiratory capaeit.y range. We found no eorr,elation between K and 1 
~ 

either .DI or Lm in the smokers at t.en monthe intervention but 'did find K .> o' 

t.o be à better predietor of 10ss of BlasUe recoi"! t.han eit.her PL 90 or 
1 

1 

h. The half-inflation prassure (h) separated out the t.en-mo.nt.h smokers 

from t.he sham smokers but failed t.o correlat.e with any of the 

morphometric indices. 

, 
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In. our' study, the Salazar equatlon provided accurate 

reprodueible fits on t.he original' nont.ransformed data. The 

• 

and highly ( 

qualit~ Of~) 
fi t. was good ove ra 11 , 'as determined eilher by' visual inspection or by the 

,flt' -2 
r~sid~al of variances (r ). 

~, 

, 
) 

Our initia.l attempts at uslng logar,i'ithmic 

transfo"t'1llations produced pOOl' resuIts, with the exponential fit deviating 

systematically at lower lung volumes. Tho,se of a sigmoidal function also 
, 

proved to be pl:'oblernatlc, wltll the computer-fitted curves deviating at 

lower lung volumes as weIl. , 
, .. 

A value of Je above t.he normal range is considered to be indicative 

Of 109s of elas~ic recoil. However, - it could also indicate inc,omplete 

maturation. Wh~h Je' ~as ploUed as a ~ function of absolute age iri the 

sevan smoking beagles prior t~ smoking, four sham controls. and four· 
. 

ot.her ,. controis. the exponential constant in these non-smokers was 

slgniflcant.iy highel" ln the youn&- dogs (less than one year) than in the 

older dogs (over 1 yeal:' old at the Ume of ~l"st study). Therefore data 

for dogs less than one year old were e~chuded from fUl"ther anaiysis. 

Bâsed on the remaining~ data, of the seven smoking dogs, ·six showed. an 

-10 
upwaçd trend in K. 81ld the values after 10 months of smoking ended up 

. 
above the best fit line of the non-smokel"s. ~Thus. onee the P-V CUl"Ve 

data wel"e analyzed accOl"d ing to the absolute age of the dogs. i t became 

apparent that there was a significa~ .difference in Je between the 

ten-month smokers and age-matched sham smokers. 
, 

The above results indicate that significa.nt changes occurred in 

elastic recoU in the te~!..m~ntlt smoker!: when compar~d to the sham 

Smokers. This 109s of elasUe re..coil occurred in the absence of air 
// 
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apace enlargement, aince the mean linear interoept was normal. Since DI 

is derived by point-counUng al~eoli and a1veolar duct spaces surrounded 

by de.troyed tissue as a percentage of total space, it 19 reasonable to 

conclude that changeB in DI will precede changes in Lm. The range of DI 

(8 .0-20.6) i B weIl below the range reported in human smokers (6). 
~ 

In sWllllary, we have demonstrated that ten months of cigarette 

amoke exposur.., in tracheostomized beagles la enougll to cau.se aiterations 
1.> 

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

lead to a significant loss of elasUc r~coi'1 as meaauree! by K, PL 90, and 

h. Sin~, the 1088 of elastlc reco~l 'ls out of prop.ortion to the, damage 
/ 

seen we éonclude that there mlght. be other underlying mechanisms involved 

ta acéçunt for the 10B8 of elasUc recoll. 

Changes in tl'acheal mucus clearance ràtes hàve b~en studied ~ in 

humanB and in animal modela. Experiments eondueted in animal' models and 

human atudies have often yielded cC?nflicting resu1ts and conclusions. 

Recent BtucUeB have 4emonstrated elther a reduction ln nlucus transport in 

smo1cers (10,11) , an increase in c~earance (12,13), or no change in 

branchial clearance rat.es (14,15). Variations in exprimental tec~ique 

-and exposure pel"i04' make it difficu1t to compare t.he resuHs and 

conclusions from these studies. 

\ 
In our st.udy the data obtained fr~ the molters damonstrate n.o 

difference in clearance rates between the smokers and. non-smokers. This, 

ia in sharp contrast to the flndings of Wanner et al. (16), who l'eported 

a significant decrease in traeh~al mucus clearance l'ates. In their study 

beagles vere expo.ed via a face ,mask for a period" of twelve months. As 

f.-
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far as the tracheal mucus clearance ['ates are concerned we did not 

observe any stasis or stagnation of pooling of mucus in the la['ge 

airways. Since the beagles in the present study smoked' via a 

tracheostomy, 'thus avoiding the filtration 
'-\ï act on of the upper 

respiratary tract,' we can only speculate that the differences in tracheal 

mucus clearance rates between our study and that of the latter one lie in .. 
experimental . tech~ique or more probably are due to al terations in mucus 

.rheology. 

It appears. from the results 'of the present study that tr8cheal 

mucus clearance can be affectad by bot.h tha quantityN~and quality of 

sect'eted mucus. OUr results indicate that an inerease in mucus 

production may not be detrimental providing the mucociliary transport 

system la intact. Dulfano et al. observed 8 deerease in viscosity and an 

increase in elasUe reeoil values during periods of clinical stability in 

chronic bronchitics (17). The t'esults of the present sludy demonstrate 

that in the first lwo to four months of the study the viscosi ty fell in 

the sflokers. This is of benefit to the smokers since recent rbeological 

stucH~ demonstrate- that mucus of high elasticity and low viscosHy is 

best suited for optimal clearance (18-19). 

Despi te per'sistent mucus htPersecretion in eight of nine smokers. 

"here were no significant change in tracheal mucus clearance t'ates in the 

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

galactose cont:.ent was in comparlson, far less than the rise in secretion 

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

montbs was 1ater found to rise- back to t.he ('.ontrol values at six montbs 

• 
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• 
of studying t.he smokers. We conclude that the alteratlons (',in mucus 

viscoe1astici ty and galactose content during the first four months are 

consistent with our observations of the secretion of a more dilute 

glycoprotein matdx. Thus, the cilia, although mo.re loaded were capable 
'/!Io 

of clearing the mor-e d ilute glycoprotein matrix in t.he smokers studi~d. ~ 

The observed al terations in both quantity and quali ty of mucus may" 

be a 'pr-otective 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 smOKers. With a 

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

bronchial clearance could be compromised by an excess of mucus 
\. 

production. Abnormalities in tracheal clearance rates may th en in turn 

lealt' to mucus plugging, denudation of ep~thelium and a decrease in both 

the number of ciliated cells and the mean ciliary length in the large 

~irways. 

With short-terro exposuye to cigarette smc5lce there was a decrease 
> 

in both mucus elast.iclty and overall galactose content, whercas wi th 

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 wit.h a rise in overall glycoprotein 

content.. This however was not the case in that after six months of 

st.udy, t.he galacto,se content remained low, whereas the elasticity rose 

back to the control values in the smokers. We suggest t.hat this 

dissociation between rheology and &alactose content 18 due to a change in 

the chemistry of the mucin secreted. 

. ' . 

, 

• 

• 
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Al though eight of ~t.he nine developed mucus hypersecretion, there 
1 

was no significant differencp. in the Reid index between smokens and 

non-smokers. This discrepancy may ba due t.o goblet. cell hyperplasia 

ratber than the glandular hypertrophy as 

ettribute t~e htpersecretioT\ 

seen in humr.n patient;s. We 

might further in the smol<ers to an increase 

in production rate rather than t.o an incrl'c1se iri production capacity. 

Reid found an increase in goblet cells in rat.s exposed to tobacco smoke' 

for a six week period. The i~crease in goblet cells was dose dependent 

an4 wes 1II0St. prominent in the proximal intrapulmonary airways (~O). We 

cannot explain the absence of this affect in the smoking dogs. 

In conclusion we have developed a reliable and reproduci.ble model 

of mucus hypersecretion with six to ten montbs of cigarette smoke 

exposure. Although highly variable at times, the bypersecretion was fol" 

the most part stable throughout the present study. 

The effect of smoking on ai~ay responsiveness has not been 

clearly elucidated in the literature. Our data suggest that smokers have 

dec.reased airway responsiveness when compared to l:i,bam smokers. Recent 

• 
studies suggest that inereased' airway responsiveness May be due to airway 

epithelial damage (21) and that smoking c.auses an increase in epithelial 

pèrmeability in animaIs (22) and humans (23). Aithough epithelial 

permeabilit.y was not. measured in the present study, our hypothesis was 

that witb the development of mucus hypèrsecretion tbere would be a loss 

of airwa~ responsiveness rather than an inerease. OUr findings in fact 

eonfirm this hypothesis .and are in agreement with the studies of Drazen 

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

, Il 
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Although our resûlts indicate a decrease in airway responsiveness, 

other studies bave shown eUher no difference or an inc.t"ease in airway 

responsiveness in human smokers. The affects of chronic ~oking on 

bronchial reacH vit y are diff icult to interpret beeause one' s inhrrent 

reactivity may very weIl influence ona's decision to smoke or not. 

Animal studies may be easier to interpret cince one removes this 

self-selection bias and sin ce one can study the entire history of the 

animal from start to f~nish. 

The results of t.he present study indicat.e that in i.::c smokers with 

mucus hypersecretion, for a glven response to the intravenous challenge, 

th~ relativeoresponse t.o the aerosolized broncboconst.rictor ls dimlnished 

witb respect to what it would bave been given no mucus bypersecretion. 

We do not thlnk the byporesponsiveness \.las d\1e to lechnical problems 

since the doses were caleulated with extreme care and adminisl:ered with 
f ,~I' 

t.he Bame nebulizer t.o a11 dogs st.ucUed. The fBct that chronic ~okè 
\ 

eXposure slightly enhanced t.he airway responslvehess t.o intravenous . 
metbacholine most likely suggests an alteration in the sensitivity of the 

airway smooth muscle. 

l'nterestlngly enougb. nicotine aerosols have been found to blunt 

bronehi.aÎ reactivity to methachoUnè in highly reaetive baboons. Wallis 

et al. suggested t.hat this effect wes due t.o tbe neuromuseular blocking 

effect of nicotine (27). This mey o(fer an alterna te bypotbesis for the 

observed hyporesponsivenss in the smokers. We exeludec1 this possibility 
, 

on account of the fact t.hat the dOgfl ceased to smoke three to Hvh days 

before the bronchial provocation test.s. This would bave excluded 80y 

-possible acute effects of nicotine~ 

• 

) 

J 
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• 
:... It has been 'reported that the narl"owing of ail"Ways by mucus could 

enhanee inertial depof>ition by {ncreasing the linear flow velocities. 

This would ln turn res'..aU in more central particle ,deposition es ... has been 

observed in chronic bronchities (28). If such was the case one would 

tJ 

predict an increese in l"esponsiveness due to the more central depositlon 

of methaeholine in the ait"ways eontributing most strongly to airway 

reBi.tanee. This was not the case sinee the mucus ,\ hypersecretors 

demonstrated a decrease and not an inerease in responsiveness. 

The s~retory role ot. -the goblet cella may play an important role 
" 

in the lun!' s defense against ehronie noxious insulta. To avoid any 

pouibilit.y that these acute permeabUlty changes mighl influence the 
t 

bronehial provoeation tests aIl dogs eeased to BIlloke t.hree t.o five days 

0/ prior to the ehallenges. oaspite the inereased permeabUity in smokers, 

a t'ecen} sludy by Kennedy et. al. found no evidence of increJised 

reactivity bet.ween smokers ane! non-amoket's (29): 

Of the sham amokers one dog developed spontaneous mucus hyper-

Beeretion. The reason for this ls not known at present but the effeet of 

the hyperseeretio~ on methacholine aeroso'l responsiveness was the same. 

i . e., a decrease for the doge that dave topad mucus hypersaet'etion where 

aU of t.hem showed a deerease in airway \rasponsiveness vis-Il-vis "'thei.r 

infusion response. 

It i8 interesting to 8peculat.e that there lIIight be an intilllate 

ralationship between JŒJCUS bypersacration, &pUhalial parmeabUi ty r and 

bronchial t'eaetivity. Ideally one; might conduel a sludy in which a 

secretagogue 18 usad ta produce mueus hyper.eeretion but bas no effact on 

.-

" , 

v 

( 
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smooth musele aetlvity. This wouid allow t.he inve.Us_t.or to st.udy 

airway reaponsivene,s more clear1y. 
/1 • 

1 
The importance of t.he.e~Udiea i. clearly substantiated when one 

considers ~he 1arse nUIII~era f nokera aufferins f1 chroM.e bronehiU~ 
and/or bronchial hyperreacUvity. The undet')yin! 'fAeehani8lll8 of bronehial 

~ 
react.iv~ty and the ehanses in IIaICUS rheolosy. associabad vith cisarette 

" 
smokins may help clarify these disea.a proeasse.. It 18 felt that. IIIOre 

,»o~bemieal work ahould ba done in the future t.o determine whetber 

alt.erat.ions at. t.he moleeular lev'l could account. fol" the observee! chanies 

in mucous rbeolosy. Permeabillty atudia. voul~ also be useful to 

determine by both amoke exposure ln the absence and in the presenca of a 

IlUCUS barder. LasUy. more 8truct.ure-funeUon t.ype at.udies are needed 

to study bow ehanses in lung parenehyme may eont.ribut.e to loss of elast.ic 

racoU. SUch studies aboule! inelude morphomett-le work usina seanni", 
~ 

eJectr~n micro.copy to investis_te the patholosieal history of 

parenehynaal damase. Certain transitional chanS.s in the p.renchyma may 

shed litht on how elaatic reeoil may be r.duced. 

- ' .. . 
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