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ABSTRACT 

As a bas i s  for subsequent pathological s tud ies  the his tology , 

topographical morphology and ultrastructure of the normal ov ine 

tracheobronchial  epithel ium at five d ifferent l evels were 

investigated . I n  add ition , the topographical studies  were extended to 

involve the normal alveolus . The l i n i ng epi thel ium of the trachea and 

bronchi consi sted of pseudostratified c i l iated columnar and goblet  

cel l s , whi l e  from the smal l  bronchi d istally , the  airways were l i ned 

by  low columnar o r  cuboidal c i l iated and non-c i l i ated cel l s . A 

s lightly lower proportion of mucous c e l l s  were present i n  the upper 

trachea compared to the lower trachea which also contained Clara c e l l s  

with PAS-posi ti ve granules . Topographicall y ,  t h e r e  was a marked 

change from a predominance of c i l iated cells in the t r achea and 

bronchi to non-c i l i ated cells i n  the distal  bronchiol i . Ten differ e n t  

types of epithelial  c e l l  were ident ified u ltrastructura l l y .  These 

wer e ; two t ypes e ach of c i li ated , goblet  and unknown secretory c e l l s  

together w i t h  Clar a , brush , basal a n d  i n termediate cel l s . Several  

cell  t ypes of  unknown function which have  not  been  prev iou s l y  

described were obs erved . It  was concluded that t h e  o v i n e  l ung was 

similar  to that of cattle  but d ifferent  from other mammals i n  two 

important features. Firstly , interalv�l a r  pore s  of Kohn were 

uncommon i n  y oung sheep and secondl y , ther e  was a r e l a t i ve paucity of 

alveolar macrophages i n  a lveolar spaces . I t  is  t hought that these 

features may have an i nfluence on the pathophysiology and pathogene s i s  

o f  pneumoni a  i n  sheep a n d  t h e  r e s istance o f  t he ovine  lung to  

i nfection . 

The pathological changes which occurred i n  the t racheobronchi a l  

epi thel i um a t  five d ifferent levels  were studied i n  both early  and 

adv anced lesions of chronic non-progressive  pneumoni a  ( CNP ) i n  l ambs 3 

to 1 0  months old . In  add i t ion , the a l veol ar topographical changes 

were investigated . The most  common topographical  finding was loss of 

ci l i a  from the epithe l i a l  surface which was more severe in early  

les ions . The tracheobronchial epi thelium i n  adv anced pneumonic  

lesions showed l arge areas of squamous metap l as i a , whi l e  focal  areas 

were observed in early  l esions . E xtensive  inflammator y  c e l l  

infi l tration o f  the tracheobronchial epi thel ium w a s  one  o f  t h e  main 

histo logical  features seen in both early and advanced pneumon ic  



lesions indi cating that active inflammator y changes were occurring a t  

a l l  stages of t h e  d i sease . Aggregations o f  lymphoid c e l l s  together 

with submucosal gland hyperplasia  and metaplasia were more extens i ve 

in adv anced cases . Striking changes to Clara  cells  were observed by  

scanning el ectron microscopy i n  bronchioli  in  both stages of  the  

disease . Mycoplasmas were common ly found attached by  means of 

pili-like structures to the c i l i a  of epithelial  cel l s  of the t rachea 

and bronchi i n  e a r l y  l esions and to tracheal and bronchiolar  

epithe l i a l  cilia  i n  advanced l esions . The ir presence  i n  ear l y  

pneumonic  les ions suggested that they may compromise the effecti veness 

of the mucoc i l i a r y  system , al lowing other destructive bacte r i a  

normal l y  resident i n  the upper respi ratory tract t o  pen��te into the 

pulmonary  parenchyma and produce more severe l esions . 

To quantitate the proliferative  changes observed the epithe l i a l  

and submucosal  thicknesses o f  t h e  tracheobronchial a irways of sheep 

affected with CNP were measured a t  6 levels and submucosal g land s ize 

and number were measured at 4 levels . The mean thickness of the 

tracheobronchial  mucosal l ayers of normal sheep decreased r egularl y  

from the upper t rachea t o  the d i st a l  bronchiol i , whi l e  i n  pneumoni c  

lesions the decrease i n  mucosal thickness was more i rregular . Sma l l  

bronchi and bronch i o l i  were t h e  most severely affected and the 

percentage i ncrease above normal was 1 46 . 5% and 268 . 2% 

respectivel y . Comparative  statistical  analys i s  of the  results  showed 

that in earl y  lesions the epithel ium of the t rachea and bronchi were 

worst affected , wher eas i n  advanced lesion s  t h e  epithel i um o f  t h e  

I t  i s  thought that peripher a l  a i r ways showed the most severe  change . 

the increase in the thickness of the wall  of peripheral a irways 

cel l s  and mucus may together with the accumulation of i nflammatory 

result in partial  or complete obst ruction of the l umen of sma l l  

a irways i n  affected areas . Statistical  analysis  of sectional  areas of 

submucosal  gland of normal sheep showed that they decreased regularly  

from the  upper t r achea to the  sma l l  bronchi , but  this  pattern  became 

irregular i n  the pneumonic  lesions . The most s igni ficant  changes in 

submucosal g land parameters of early pneumonic  sheep occurred in the 

intrapu lmonary  bronch i . I n  sheep w i th advanced pneumonic  lesions 

changes were most severe i n  both i ntrapulmonary and extrapulmonary 

bronchi . Enlargement of the submucosa l  glands in pneumonic lesions 

was found to be due to both hyperplas i a  and hypertrophy and these 

changes were more severe in advanced than early  lesions . 



The histochemistry  of the submucosal  gland glycoprote ins  i n  

normal and pneumon i c  sheep was also studied and statistical  analys i s  

of the results showed a change i n  the types present . I t  was found 

that most mucous ce l ls of submucosal gland at all  levels  of the normal 

ov ine tracheobronch i a l  tree contained e i ther neutral  or mixed types of 

glycoprotein and very few contained the acid type . The submucosal 

glands of normal bronchi contained s i gn ificantly  more neutral  

glycoprote i n  and  less  mi xed and  acid glycoproteins than those of the 

trachea . In  pneumonic  lungs there were no s i gnificant d ifferences i n  

the amount and types of g l ycoprotein  between levels . Comparative  

stat i stical  analys i s  showed that  in  the  intrapulmonary bronchi , acid  

glycoprotein  increased and  neutral  glycoprotein decreased in  advanced 

pneumonic lesions when  compared to normal and early pneumoni c  sheep . 

I t  was concluded that the ovine  t racheobronchial a irways res pond to  

unspecified noxi ous agents  by  changing the chemical  and  physi c a l  

nature of thei r  mucous secretions . 

Ovine trachea l  organ cultures were used to investigate the 

pathogeni c i t y  of Mycoplasma ovipneumoni a e , Bordetella  parapertus s i s , 

Pasteur e l l a  haemolytica  and Neisse r i a  catarrhali s . The c i l i ar y  

act i v i t y ,  h i stology , topograph i cal  morphology , ultrastructure and 

microbiology of thes e  experiments are descri bed in detai l . Four 

different t itres  of e ach microorganism were used . It was foun d  that 

all  the microorgani sms caused cytopathological changes and the 

c i l iostasis  p roduced was dose dependent . Mycoplasma ovipn eumoniae  and 

B .  parapertussis  attached to c i l i a  a t  30 min  and 1 hr  r especti ve l y  

and produced ciliostasis  as early  as 1 3  hrs  and 1 h r  respec t ively . 

The means of attachment of both organi sms was investigated with  both 

scan n i ng and transmiss ion e lectron microscopes . A fimbri a  o r  

p i li -l ike structure was found i n  close proximity to  c i l i a  with both 

microorganisms . Pasteure l l a  haemolytica and !· catarrha l i s  fai led to 

attach to c i l i a  but they produced c ytopathological  changes and the 

c i liostatic effect  was  ach ieved as e a r l y  as 3 hrs and  4 hrs  

respec tivel y .  Although both of these organ i sms behaved i n  a similar  

manner i n  organ culture  and  produced simil ar cytopathological  changes , 

P .  haemolyt i ca 

faster than N .  

was more destructive  and produced c i liostat i c  effects 

catarrha l i s . Of the four m icroorganisms used it was 

found that only M .  ovipneumoni a e  and B .  par apertuss i s  had both an  

affinity for trachea l  epithe l i a l  cells  and the abi lity  to  produce 

destructive  changes in o rgan culture . On the basi s  of this work  both 



M .  ovipneumon iae and B .  parapertus s i s  could b e  considered a s  l ikely 

candidates for o rgan isms whi ch in v i vo could init i ate bronchiolar 

disease and thus allow the development o f  CNP . This hypothesis in 
regard to M .  ovipneumoniae i s  strongly support ed by  several  other 

workers .  The role o f  B .  parapertus s i s  remains t o  be  more fully 

investigated . 
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microvilli are present ( MV) and large pits or pores 
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pores of Kohn ( K). SEM. X 1000 . 
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tight junctions ( T) are observed. Large numbers of 

vesicles ( V) containing an amorphous material are 

present near the surface. TEM. X 14,360. 
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Fi gure 2 . 13 High  magni fi c ation o f  the  upper part of both the 65 

f i r s t  ( CF) and second ( CS )  types of c i liated  cell .  

A large  number o f  c i li a  ( C ) , and mic rovi lli ( MV )  

are found o n  the luminal  sur face o f  both cell 

types . Atyp ical  or  compound c i li a  ( AC )  and 

cytoplasmic processes  ( PR) are  observed mos t ly on 

the luminal  sur face of the second t ype of c i li at e d  

cell .  TEM . X 1 1 , 0 1 0 .  

Fi gure 2 . 1 4  The f i r s t  cell type o f  goblet cell.  It conta i n s  

homogen i sed small e lectron-dense granules ( G )  and a 

small numbe r o f  r i bosomes ( RS ) .  TEM . X 8 , 540,  

Fig ure 2 . 15 The second  cell type  o f  goble t  cell . Thi s  

con t a i n s  mucous granule s  ( G )  wh ich  a r e  larger  and  

less  e lectron-dense than  the f i r s t  type  and mor e  

numerous r i bosomes . Ins e t :  The Golg i  apparatus  

( GA )  i s  well developed a n d  usually s i tuated above 

the nucleus . TEM . X 3 , 400 . 

6 5  

66  

Figure 2 . 1 6  High  magn i f i ca t ion o f  the apical part  o f  the  f i r s t  6 6  

type o f  unknown secretory cell.  The cytoplasm o f  

the cell i s  e lectron-dense  and cont a i ns a few 

mucus -li ke granules ( ( G ) . The lum inal s u r face 

shows rela t i ve ly few long microvi lli ( MV ) . TEM . X 

1 5 , 300 . 

Fi gure 2 . 1 7  The second type o f  unknown secretory  cell ( U ) . 66  

Thes e  tall and irregu lar cells have var i able 

numbers  o f  small sphe r i c a l  vacuole s  ( V )  near the i r  

surfac e . TEM . X 8 , 90 0 .  The i nset  f i gure  shows 

some of the vacuoles whi ch appear to be emp t y i n g  

onto t h e  surfac e . TEM . X 28 , 000 . 

Fi gure 2 . 1 8  Clara  cell showing a p i cal  cytoplasm c on t a i n i n g  6 6  

large numbers o f  f r e e  r ibosomes ( R )  a n d  abunda n t  

S E R  ( S ) . The mi tochondr i a  a r e  vir tu a lly de vo i d  o f  

c r i stae . Electron-lucent , 

membrane -bound i nclus ions  ( I )  

incompletely .  TEM . 

Fi gure  2 . 1 9  A tracheal brush 

X 1 2 , 1 50 .  

cell ( T )  showi n g  

heterogeneous , 

are  s t a i n e d  

i t s  lum i n a l  

brush border o f  microvi lli ( ar rows ) . The cytop lasm 

67 



i s  electron-dense and con t a i ns a moderate numbe r  o f  

mi tocho n dr i a  ( MC ) , a large  amount o f  RER ( R ) , SER  

( S )  and a few  empty vacuoles  ( V ) . TEM . X 7 , 900,  

Figure 2.20 A bronc h i a l  brush cell  showing the typical luminal 6 7 

brush bor der . Its  e l ectron-dense  cytoplasm 

con t a i n s  abundant R E R  ( R ) , numerous mitochon dr i a  

a n d  a large  number o f  r ibosomes ( R ) . The fi l ament 

bundles  ( F) can  be  seen  in the apical  par t  o f  the 

cel l .  TEM . X 1 , 34 0 .  

Figure 2 . 2 1  Basal  and  intermedi a t e  c e l l s . There  i s  a w i de ,  6 8  

Figure 3 0 1 

irregular  i nte rcellular  space �arrows ) aroun d  both 

cel l s  and  they have a l arge  numb e r  o f  cytop lasmic 

processes  ( PR )  on the i r  sur face . The intermediate  

cells  h a ve a l arge  n uc leus ( NU )  and  an 

electron-lucent cytopl asm. TEM . X 8 , 40 0 .  

The epithe l i um o f  ear l y  pneumonic  t rachea showing 

mo derate  hyperplasia . The lumi nal  border has lost  

most  o f  its  c i l i a .  Moderate  numbers  of  neutroph i l s  

a n d  macrophages are present  i n  t h e  l amina prop r i a  

(L) and l arge numbers  o f  n eutroph i l s  ( arrows ) a r e  

found  between epithe l i a l  cel l s . H&E . X 156 .  

7 9  

Figur e 3 .  Bronchi a l  epithe l i um o f  an  early  pneumonic les ion . 7 9  

Ther e  a r e  mode r ate numbers  o f  neutrophils  ( arrows ) 

between the  epi the l i a l  c e l l s  w i th early  l ympho id  

aggre gations  i mmedi a t e l y  b eneath the  ep i thel i al 

l aye r . H&E .  X 3 1 2 .  

Figure 3 . 3  Bronchiole  from an ear l y  pneumon i c  lesion  showing 79 

moderate  epithe l i a l  hyperplas i a  and m i l d  

per i b ronch iolar  l ympho i d  aggregations . The l umen 

con tains  n ecrot i c  mate r i a l  and i n flammatory c e l l s . 

H&E . X 1 56 .  

Fi gure 3 . 4  The tracheal ep i the l i a l  s u r face i n  ear ly pneumon i a .  80  

The  mucosal  sur face cont a i n s  appro x i mately equal  

numbers  of  c i l iated and  non-c i l i ated c e l l s . 

Observe the goblet  cell  open ings  ( G )  and submucosal  

gland  ope n i ng ( S ) ,  SEM . X 800 . 

Fi gure 3 . 5  The lumi nal  sur face of the lower t r achea in e ar l y  8 0  

pneumo n i a  showing a thick l ayer of mucus sec r e t i on 

( arrows ) wh ich  covers mos t  o f  the c i l i ated  but not  

the  non-c i l i ated surfac e . SEM . X 1 0 ,  000, The 



inset  micrograph shows some o f  the large numbe r  o f  

mycopla sma-like organ i sms ( M )  whi ch are att ached 

firmly to the bottom of the c ili a . SEM . X 2 ,500 .  

Figure 3 . 6  The b ronch i a l  surfac e  epi thelium in  an early 8 1  

pneumon i c  les ion . The large  hole s  ( G) are goble t  

cell openings  a n d  t h e  small hole s  ( L )  may b e  due to 

damage to the cell memb r an e . Large amount s  of  

cellular debri ( arrows )  and neutrophi ls ( n )  are 

present  on the sur face . SEM . X 660 . The inset  

figure  illust r ates a focal  area  o f  squamous cell 

metapla s i a  ( arrows ) . SEM. X 300 . 

Fi gure 3 . 7  A lar g e  number o f  microorgan i sms attached to  the 8 1  

top o f  the bronchi a l  c i li a  i n  a n  early pneumon ic  

lesion  ( large  arrows ) . The  morpholog ical features  

of  man y o f  the  att ached organ i sms were s i m i lar to  

those  of  mycoplasmas ( small arrows ) . 

1 0 , 000 . 

SEM . X 

Fi gure 3 . 8  A submucosal  gland ope n i ng denuded of  c i li a  and 8 1  

showi n g  squamous metapla s i a . The s ecretions which 

are  f ixed  i n  s i tu  con t a i n  a large  number o f  

neutroph i ls ( n )  m i x e d  with mucosal strands and 

granules ( g ) . SEM . X 700 .  

Figure  3 . 9  An a ffected bronchio le whi ch has a thickened  wall 8 1  

( arrows ) . Its lumen contains  large  amounts  o f  

necro t i c  e xudate con s i s t ing  m a i n ly o f  n eutroph i ls 

( n ) . SEM . X 400 .  

Fi gure  3 . 1 0  The luminal sur face o f  an a ffected b ronchiole 8 1  

sho wi n g  a few macroph ages  ( arrow) attached to 

epitheli a l  cells . SEM . X 1 600 . 

Figure  3 . 1 1  ( Le ft )  High mag n i fication o f  the bronchiolar 8 1  

epitheli a l  sur face from a s e verely affect e d  area.  

The  sur face cons i s t s  o f  c i li ated ,  brush  and 

Clara-li ke cells . SEM . X 5080 . 

Fi gure 3 . 1 2  ( Ri ght ) H igh magn i ficat ion  o f  the bronchiolar 8 1  

• 

epithe li a l  surface from a les s  s e verely a f fected 

area . C lara c e lls ( A )  e xhibit 

micro villus -li ke projections  ( arrows ) . 

6000 . 

small 

SEM . X 

Figure  3 . 1 3  The alveolar region  i n  early pneumon i a  showi n g  8 1  

thicken ing  of  t h e  a lveolar s e p t a  ( ar r o ws )  a n d  



accumu lation o f  neutroph i l s  ( n )  and a few 

macrophages ( MA )  within  the alveolar space . SEM . 

X 1 , 470 . 

Figur e 3 . 1 4  The t r acheal ep i the l ium from an early  pneumo n i c  82  

lesion  showing electron-de nse material  ( ar rows ) 

cover i ng the sur face . A few microorgan i sms (0) are  

embedded in  the  amorphous mater i a l . There  i s  

neutroph i l  i n f i ltration  between u n derlyi n g  cells . 

TEM . X 7 , 64 0 .  

F igure  3 . 1 5  High magn i f i cation o f  the sur face material  showing 82  

the  bacteria  ( 0 )  whi ch  are not i n - di rect contact 

with c i l i a . TEM . X 3 1 , 800 . 

Figure  3 . 1 6  The bronch i a l  epithelium i n  a n  early  p neumon i c  82  

lesion  showing neutroph i l s  ( n )  be tween the 

epi the l i al cells . TEM . X 5 . 660 . 

Figure  3. 1 7  The bronch i a l  epithe l i a l  sur face showing a l arge  82  

number  of  mycop lasmas (M )  and bacteria  ( b )  between 

c i l i a . TEM . X 1 4 , 900 . The inset  micrograph 

i l lus t r ates the tubular o rgane l les ( arrows ) which  

may be the means o f  attachmen t between mycoplasmas 

and c i l i a .  T EM . X 72 , 1 00 . 

F igur e 3 . 1 8  Ultrastructure o f  the bronch iolar  epithelium i n  an 83  

ear l y  pneumo n i c  les ion . Both c i l i ated ( C )  and 

non-c i l i ated cells (N) are  present  togethe r with  

di stinct  basal  cells  ( B ) . TEM . X 4 , 300 . 

Figure  3 . 1 9 High magn i fi cation o f  the di s t i nc t  basal l a ye r  8 3  

( arrows ) which  w a s  obs erved i n  some pneumo n i c  

bronch io l i . TEM . X 5 , 200 . 

F igure 3 . 20 A severely  a f fected b ronchiole  showing c i l iated 83  

cells  ( C )  whi ch have lost  the i r  cilia  and  show 

rupture  of  the apical  pl asma memb r ane ( ar rows ) . 

TEM . X 7 , 800 . 

Figure  3 . 2 1 The bronch iolar  l uminal  contents  in  earl y 8 3  

pneumo n i c  les i on . Cellular  debr i s , n eutroph i l s  and 

macrophages are  present . TEM . X 7 , 800 . The i nset  

• micrograph shows a mycopl asma-li ke o r g an i sm  

obser ve d  i ns i de the  di ges t i ve vacuole 

neutroph i l . TEM . X 1 03 , 600 . 

Figure 3 . 22 Tracheal epithe l i a l  s u r face o f  an 

pneumo n i c  les ion showing s e vere 

o f  a 

a dvanced 

squamous 

8 4  



metaplas ia . H& E .  X 3 1 2 .  

Figure  3 . 23 The bronchial epithelia l  s u r face o f  an advanced 84 

pneumonic lesio n  

( large  arrows ) a n d  

showing moder ate hyperplasia 

metaplasia ( white arrows ) .  

Larg e  numbers o f  n eut rophils are  present b e tween 

the epithe l ial c e l l s  ( small arrows ) .  The lumen o f  

the s ubmucosal g l an d  ( S ) , is ful l  o f  mucus mixed 

with large numbers o f  neut rophils  and macrophages . 

H&E. X 1 56 .  

Figure 3 . 24 The epithelium o f  a small b ronchus from an 85  

advanced pneumonic lesio n  showin g moderate  

hyperplasia . The  l ymphoid aggregations in the 

submucosa are  mor e  e xtensive than those seen  in 

ear l y  les ions.  The l umen o f  the submucosal  gland  

con t a in s  s mall  numbers  of  neutrophil s and 

macrophages . H&E .  X 3 1 2 .  

Figure  3 . 25 A bronchiole  from an advanced pneumonic lesion 8 5  

showing marked epithe l ia l  hyperplasia and 

per ibronchio lar l ymphoid aggregations . Large 

numbers  of neutrophils and mononuclear c e l l s  are  

found within the  epithe l ium ( arrows ) .  The l umen 

con t a ins mucus , neut rophils and macrophages . H&E . 

X 1 56 .  

Figure 3 . 26 Trachea l  luminal  sur face from an a dvanced 

pneumo n ic lesion showing s ingle  non-cil iated c e l l s  

( arrows ) together with irr egular  areas o f  c il ia 

los s . SEM . X 600 . 

8 6  

Figure  3 . 27 Hi gh magnificatio n  o f  the c il iated surface showin g  8 6  

a large  number o f  mixed  microorganisms ( ar rows ) 

between the cilia .  Many  o f  the c il ia are e n t angled  

and shortened. SEM . X 1 , 300 . 

Figure 3 . 28 The b ronchia l  l umin a l  surface  from an a dvanced 8 6  

lesion . Cil iated c e l l s  predominate o ve r  other 

types which are mos t l y  goblet  c e l l s  ( arrows ) .  A 
large number o f  neutrophil s  ( n )  and mac roph ages  

tMA) were observed o n  the epithe l ial sur face . S EM . 

X 680 . 

Figure 3 . 29 A bronchiole  covered by  c e l l s  with a large numbe r  8 6  

o f  micro vil lus-like projections . C l a r a  c e l l s  (A) 
and a small  number o f  c il iated cells  ( C )  wer e  also  



commo n . SEM . X 1 980 . 

F igur e  3.30 Ano ther  t ype o f  bronchiole  contai n i ng no c i l i ated 8 6  

c e l l s .  An occasional si ngle  c i l ium can be obse r ved 

( arrow)  attached to a Clar a-l ike  cel l . SEM . X 

2 , 860 . 

Figure  3 . 3 1  A bronch i o l e  from a se verely  affe c ted par t  o f  the 87 

lung showing  

lumen o cc luded 

SEM . X 500 . 

a marked l y  thi ckened wal l  ( arrow)  and 

by neutroph i l s  and macrophages .  

Figure  3 . 32 High  mag n i ficatio n  o f  the  l uminal contents o f  the 87 

above showing numerous n e otrophi l s  ( n )  and 

macrophag e s  ( MA )  together wi th mucous g r anules and 

str and s .  SEM . X 2 , 400 . 

Figure  3 . 33 Alveo l i  from a se verely  affected par t  o f  lung 87 

showing mar ked thi cken ing of the al veolar septa 

( ar rows) . Alveo l ar spac es contai n  both neutroph i l s  

and mac roph ages .  Increased numbe rs o f  t ype I I  

ep i thel i al cel l s  c an be seen  in  some al veo l i  ( I I ) . 

SEM . X 1 000 . 

Figure  3 . 34 H i gh mag n i f i c ation  o f  two , type I I  al veo l ar 87  

epi the l i al cells .  The  o n e  on the l eft shows a 

secreto r y  bubble o r  cytopl asmic  ble b  ( arrow ) 

protrud i ng from i ts sur face and the one  on the 

r i ght shows an e v acuated bu bbl e ( arrow ) . 

5 , 800 . 

SEM . X 

Figure 3 . 35 U l tr astr ucture o f  the tr ache al e p i the l ium from an 88  

ad v anced pneumo n i c  l e sion showi n g  v ar i able degrees 

o f  metap l ast i c  change .  Most of  cells  i n  this  

region  were i rregular co lumn ar in  sh ape. TEM . X 

6 , 930 . 

Fi gure  3 . 36 Another  are a  o f  tracheal e p i thelium from an 88  

ad v anced lesi o n  showing severe  metap l astic change .  

Most o f  cel l s  i n  t h i s  region  are squ amoid i n  sh ape . 

TEM . X 8 , 1 50 .  

Fi gure 3 . 37 The c ytop l asmic  contents o f  d amaged t r acheal 88 

e p i fhe l i al c e l l s. The mi tochond r i a  wer e  e i ther  

smal l , e lectron-dense o r  c l e ar w i th d i srupted 

c r i stae . Obse r v e  the n eutroph i l  between the c e l l s  

( arrows) . TEM . X 1 0 , 400 . 

F igure  3 . 38 The bronchi al e p i thel ium from an adv anced 88  



pneumonic  lesion showing flattened , compressed 

epithe l i al cells .  Goblet  c e l l s  are empty .  A few 

bacte r i a  ( arrows) are closely  associated w i th 

c i l i a .  A macrophag e  (MA) can be seen between the 

cel l s .  TEM . X 6,880 . 

Figure  3 . 39 The e p i thel ium from a se verely  affected bronchiole 8 9  

showing d i fferen t i ation  o f  t h e  f i r st l ayer into 

typ i c al col umn ar epithe l i al cells .  The majo r i t y  of 

cel l s  have a vacuo l ated c ytop lasm and some c i l i ated 

cel l s  have lost the i r  c i l i a. The api c al p l asma 

membr an e  of  some cel l s  has ruptured ( �r rows), 

r e l e asi ng cel l conten t s  into  the l umen . 

Mycoplasma-like organ i sms ( M) c an be observed i n  

close assoc i ation  with c i l i ated cell s .  TEM . X 

1 38 , 1 0 0 .  

Figure  3 . 40 Bronchiol ar epi the l i um from severely  affected lung 89 

showin g  a c ytoplasmic p rojection ( arrow) protruding  

from the  luminal sur face o f  a c i l i ated cel l . TEM . 

X 1 0 , 670 . 

Figure  3 . 4 1 The l umen contents  o f  a se verely  affected 

bronchiole . It  consi st s  of amor phous mat e r i al , 

cel l u lar debri , n eutroph i l s .  TEM . 4 , 700 . 

8 9  

Figure  3 . 42 M i c roorgan i sms r e sembl ing  mycopl asmas ( arrows) 89 

close l y  associated wi th the c i l i a  o f  af fected 

bronchiol ar epi the l i al c e l l s .  TEM . X 38 , 1 60 .  

F igure  4 . 1  The mean thicknesses ( wi th st andar d  errors) o f  the 1 02 

tracheobronch i al epithe l i um ,  submucosa and mucosa 

at si x leve l s  of  normal lung s (A) , e ar l y  pneumonic  

lesions  ( B) and ad v anced pneumonic  lesions ( C ) . 

F igure  4 . 2  Di fferences in  the mean thickness o f  the epi thelium 1 04 

(A), su bmucosa ( B) and mucosa ( C )  between  normal , 

ear l y  pneumonic  and ad v anced pneumonic g roups. 

Figure  4 . 3  The percentage increase i n  me an thickness o f  1 04 

epi t he l i um ,  submucosa and mucosa i n  e ar l y  and 

adv anced pneumonic  groups compared to normal lungs.  

Figure  4 . 4  The p ar ameters of the  submucosal g l and s i n  normal 1 06 

(A) , e ar l y  pneumon ic  ( B) and adv anced pneumonic  ( C )  

groups.  

Figure 4 . 5  A compar at i ve st at i st i c al an al ysi s of  su bmuco sal 1 06 

gland par amete r s  o f  normal and e ar l y  pneumonic  



groups at  the upper trachea (A), lower trachea ( B ) , 

e xtr apu lmonary bronchi 

bronchi  ( D) . 

( C )  and i n t r apulmonary 

F i gu r e  4 . 6  A comparat i ve sta t i st ical  analysi s  o f  su bmucosal  1 07 

gland  parameter s  o f  normal and advanced pneumonic  

groups at  the  upper trachea (A) , lower trachea ( B ) , 

e x t r apu lmonary bronchi 

bronchi  ( D). 

( C) and i n t r apulmon ary  

Figure  5 . 1 Sta t i st ical  analysi s  o f  the  d i f ferent  types  o f  1 1 8 

gl ycoprot e i n  at each level  (A) and between levels  

(B )  o f  normal t r acheobronch i a l  airways .  In  C the­

catego r i e s  o f  g lycoprote i n  are simp l i fied i nt o  

mi xed , ac i d  and neutral . 

F i gu r e  5 . 2  Sta t i st i cal  analysi s  o f  the d i f ferent  types o f  1 1 9 

F i g u r e  5 . 3  

gl ycopro t e i n  at each level  (A) and between levels  

( B )  o f  the tracheobronch i al a i rways of the e a r l y  

pneumo n i c  group . I n  c the categories  o f  

gl ycoprot e i n  are  si mp l i fied i n to mi xed , ac i d  and 

neut ral . 

Stat i st i c a l  analysi s  o f  the d i f ferent  types o f  

g l ycoprotein at each level  (A) and betwe en levels  

( B ) o f  the  tracheobronch i al ai rways o f  the  advanced 

pneumonic  groups.  In  c the categor i e s  o f  

g l ycopro t e i n s a r e  si mpli fied  i n to mi xed , a c i d  and 

neutral . 

1 20 

F i gu r e  5 . 4  A comparative  sta t i st ical  anal ysi s o f  the d i fferent  1 2 1 

typ e s  o f  g l ycoprote i n  i n  normal , early  pneumo n i c  

and advanced pneumon ic  groups a t  upper trachea (A) , 
lower t rachea ( B ) , e x t r apulmonar y  bronchi ( C )  and 

intr apulmonary bronchi ( D) .  

F i gure  6 . 1 Epi thel ium o f  un inoculated control cultures 

mai nt a i n ed for 1 3  hrs  i n  FM4 med i u m .  The  cel l s  a r e  

heal thy a n d  wel l  d i fferen t i ated . H&E .  X 3 1 2 .  

1 39 

F igure  6 . 2  Ep i thel ium  of t r acheal  organ  culture  i n fected wi th 1 39 

+ 1 02 CFU/ml M .  ov ipneumo n i ae i n  FM4 med ium for 1 3  

h r s .  The &-e i s  ep i the l i a l  cell  cytoplasmic  

vacuolati o n , nuclear  swe l l i n g  and chroma t i n  

mar gi n a t i o n . H&E . X 3 1 2 .  

F igure  6 . 3  Epi thel ium of t r acheal o rgan culture inoculated 1 39 

wi t h  + 1 0 4 CFU/ml M .  o v i pneumo n iae i n  FM4 med i um 



for 1 3  hrs . The r e  i s  c ytop l asmic vacuo lat i on and 

mod e r ate loss o f  c i l i a . Metap l ast ic change  i s  

e v i d e n t  i n  some are as ( arrow) . H&E .  X 312 .  

F i gu r e  6 . 4  A t r acheal or gan c ulture  i noculated with +1 06 M .  1 39 

ovipne umo n i ae and mai n t ai ned i n  FM4 med ium for 1 3  

hrs . The epithel ium i n  d i sorgan i sed with severe  

epi thel i al c e l l  e x fo l i at i o n  and loss o f  c i l i a . The 

remai n ing  epithel ium has a squ amous-l i ke appear ance 

( ar rows) . H&E.  X 3 1 2 .  

F igure  6 . 5  Tracheal organ cu lture  i n fected with +1 08 CFU/ml M .  1 39 

ov ipneumo n i ae and mai n t ai n ed i n  FM4 med iu� for 30 

min .  The ep i the l i al archi tecture is s l i ght l y  

d i s rupted . H&E.  X 3 1 2 .  

F igure  6 . 6  Trache al culture inoculated with +108 CFU/ml M .  1 39 

ov i pneumo n i ae and mai n t ai ned i n  FM4 medium for 1 3  

hrs .  The epithe l i um is  severely  damaged and the 

nuclei  appear pykno t i c . H&E . X 3 1 2 .  

F igure  6 . 7 A d i fferent  ar e a  from the above  culture showing a 1 3 9 

squ amous,  bi st r at i fied  epi thel i um . H&E . X 3 1 2 .  

F igure  6 . 8  Un i n fected t r ache al epithe l i um mai ntai ned i n  FM4 1 40 

med ium fo r 36  hr . I t  i s  compo sed al mo st e n t i r e l y  

o f  c i l i at ed c e l l s . SEM . X 2000 . 

Figure  6 . 9  Tracheal epithe l ium 1 3  hr after i nocu l ation  w i th 1 40 

+ 1 02 CFU/ml o f  M .  ovipneumon iae . There  i s  loss o f  

c i l i a  and c i l i ated c e l l s  and a l arge numbe r  o f  

mycop l asmas ( M) are att ached to the cll i a. SEM . X 

4000 . The i n se t  micrograph shows the mycoplasmas 

at h i gh magn i fi c ation  att ached by fine  proj ections  

( ar row). SEM . X 1 6 , 000 . 

Figure  6 . 1 0 The sur f ace ep i thel ium o f  a tracheal organ culture  1 40 

i n fected with + 1 04 CFU/ml o f  M .  ovipneumon i ae for 

1 3  hr . It  shows e x fo l i at ion  o f  c i l i ated c e l l s  ( C) 

and fragments ( F) .  A l arge  n umber o f  mycopl asmas 

( M) are distr i buted over  and between the t i p s o f  

the c i l i a .  SEM . X 2000 . 

Figure  6 . 1 1  Tracheal epi th;lium i n fected with �1 06 CFU/ml o f  1 40 

M .  o v ipneumo n i ae for 1 3  hr . There is  loss o f  a 

large  n umber o f  c i l i ated cells . Numerous 

mycoplasmas ( arrows) are d i str i buted between the 

c i l i a .  SEM . X 4000 . The inset  micrograph shows 



F i g u r e  

t he f i rm a t t a c hmen t  o f  myco p l asma to c i l i a .  SEM . 

X 20,000, 

6 . 1 2 Trache a l  

post-inocul a t i o n  

epi the l i a l  

w i th + 1 0 8 
s u r fa c e  

CF U/ml 

30 m i n  

o f  M .  

o v ipn eumo n i a e . I t  shows s e v e r e  damage and mos t  o f  

t h e  c i l i ar y  c a rp e t  i s  c o v e r ed b y  a s i ng l e  l ayer o f  

mycop l a smas ( a r r ow ) . SEM . X 4000 . 

1 40 

F i g u r e  6. 1 3  One hr post- i n o c u l a t i o n  w i t h  + 1 08 CF U/ml o f  M 1 40 

o v i pn eumo n i a e . The e p i t he l i a l  s u r face shows s e v e r e  

s lough i n g  o f  c i l i a ted c e l l s  ( ar r ow ) . Mycop l asmas 

( M )  are v i s i b l e  b e t ween the t i p s  of the r emairring 

c i l i a . SEM . X 1 600 . The i n s e t  m i c r o g r aph shows a 

h i gher magn i f i c a t i o n  o f  a t t ached mycopl asma s . SEM . 

X 4000, 

F i g u r e  6 . 1 4 A t r acheal o r g a n  c u l t u r e  1 3  hr post-inocu l a t i o n  1 4 1  

w i th + 1 0 8 CF U/m l  o f  M .  o v ipneumo n i ae. The r e  i s  

v e r y  se vere d amage and most o f  the c i l i a r y  c a r p e t  

has d i s appe a r e d . The s u r face i s  covered w i th 

e x t ruded cel l s  and c e l l u l a r  f r agme n t s  w i th o n l y  a 

few c i l i ated c e l l s  r ema i n i n g  ( ar r o ws ) .  

1000. 

SEM . X 

F i g u r e  6 . 1 5  H i gher magn i f i c a t i o n  o f  the s u r face o f  the above 1 4 1  

c u l t u r e  sho w i n g  a t t achme n t  o f  numerous M .  

o v i p n eumon i a e  o r g a n i sms t o  c i l i a  o n  the r ema i n i n g  

c e l l s . SEM . X 8000 . 

F i g ure 6 . 1 6 U n i noc u l a t ed t r acheal e p i th e l i um ma i n t a i n ed for 3 6  1 4 1  

h r  i n  FM4 med i um .  The r e  i s  good p r e s e r v a t i o n  o f  

the u lt r a s t r u c t u r e  a n d  d i f f e r e n t i a t i o n  i n to 

c i l i ated c e l l s .  TEM . X 5,000 . 

F i g u r e  6 . 1 7 A t r acheal o r g a n  c u l t u r e  mai n t a i n e d  i n  FM4 med i um 1 4 1  

F i g u r e  

i n fe c ted w i t h  + 1 02 CFU/ml o f  M .  o v ipn eumo n i ae 

showing vacuo l a t i o n  o f  s ome c e l l s . TEM . X 6,300 • 

The i n s e t  m i c r o g r aph shows h i gher magn i fi c a t i o n  o f  

the l a r g e  v a c u o l e s  whi ch c o nt a i n  amor phous mate r i a l  

and mi tochon d r i a . TEM . X 6,300 . 

6 . 1 8 A t r acheal c u l tu r e  main t a i n ed fo r 13 hr i n  FM4 

med i um and i n fected w i t h  + 1 04 C FU/ml o f  M .  

o v i pneumo n i a e . The e p i thel i a l  c e l l s  a r e  

d i so r g a n i sed and show marked d es t r u c t i o n  o f  

subce l l u l a r  o r g a ne l l e s . TEM . X 5,000 . 

1 42 



F i g ure 6 . 1 9  The l um i n a l  surface o f  a tracheal c u l t ure i n fe c t e d  1 42 

F i g ure 6 . 20 

w i th + 1 0 8 CFU/ml o f  M .  o v i p n eumon i ae . There i s  

v er y  s e v ere d amage i nc l ud i n g  the forma t i o n  o f  a 

l arge n umber o f  c y t o p l a sm i c  v ac u o l es (V ) .  

E l e c tro n -den s e  mater i a l  h a s  been depos i ted on the 

l um i n a l  surface (arrows ) .  A few M .  o v i pneumo n i a e  

org an i sms (M ) are i n  i n t i mate c o n t a c t  w i t h  the 

rema i n i ng c i l i a .  TEM . X 8,200 . 

a n  organ c u l ture The epi the l i a l  s ur f a c e  o f  

i n fe c t e d  with + 1 0 8 CFU/ml o f  M .  o v i p neumo n i ae for 

3 0  m i n . The l umi n a l  surface h a s  l e s s  c i l i a  tha n  

t h e  c o n tro l s  a n d  t h e  e p i the l i a l  c e l l  cytopl asm 

con t a i n s  a mod erate number of vacuo l es. TEM . X 

8,20 0 .  

142 

F i g ure 6.2 1 F l at t e n ed surface e p i the l i a l  c e l l s  from a s i m i l ar 142 

c u l t ure to t h e  abo v e . These c e l l s  had a n  e x t e n d e d  

c ytop l a sm and con t a i n e d  f l a t t ened n u c l e i  ( N )  , 

l am i n a t e d  i n c l us i o n s  ( L )  a n d  numero us micro v i l l i  

(MV ) . TEM . X 1 9,2 00 . 

F i gure 6 . 22 Mycopl asma o v i pn eumo n i ae organ i sms (arrow )  i n  142 

c l o s e  c o n t a c t  w i t h  the c i l i a  o f  a trache a l  org a n  

c u l ture i n fe c t ed w i t h  + 1 0 8 C F U/ml f o r  3 0  min . TEM . 

X 1 9,20 0 . 

F i gure 6 . 23 H i g h  magn i fi c a t i o n  o f  a n  M .  o v ipneumo n i a e 

org a n i sm from the abo v e  c u lture r e veal i n g  a 

d i s t i n c t i v e  p i l i- l i ke s tructure (arrow )  att ach i n g  

i t  t o  t h e  c i l i a . TEM . X 1 6 0 , 1 00 .  

1 42 

F i gure 6.24 A trac h e a l  c u l ture i n fe c ted w i th + 1 0 8 CF U/ml o f  M .  1 42 

o v i pneumo n i ae for 1 3  hr e xh i b i t i n g  v ery s e v ere 

d i sorg a n i s a t i o n  and i n trace l l u l ar chang e . TEM . X 

6,30 0 . 

F i gure 6 . 25 Myco p l a sma o v i pn eumo n i a e  growth curv es i n  three 143 

d i fferen t  c u l t ure s y s t ems . 

F i gure 6 . 26 The growth curv e s  o f  four t i tres o f  M .  

o v ipn eumo n i a e  ma i nt a i n ed i n  l iqu i d  FM4 med i um . 

Mu l t i p l i ca t i o n  o f  the m i c roorg a n i sms o n l y  .occurred 

i f  the i nocu l um was b e low a t i tre of  + 1 06 C FU/ml . 

143 

F i gure 6 . 27 A tracheal organ c u l t ure i no c u l a t ed w i th + 1 0 1 1 44 

C F U/ml B .  p arapertus s i s  for 1 hr and m a i nta i n ed i n  

T 1 9 9 med i um. The e p i th e l i a l  c e l l s  show m i ld 



cytop l a smi c v ac uo l a t i on and l o s s  o f  c i l i a  from 

the i r  l um i n a l  border . H&E . X 3 1 2 . 

F i g u r e  6 . 28 An o r g an c u l tu r e  inoc u l a ted w i t h  + 1 05 CF U/ml B .  1 44 

p a r a p e r t u s s i s  fo r h r  and ma int a ined in T 1 9 9 

med ium . The r e  i s  comp l e t e  l o s s  o f  c i l i a  from many 

ep i t he l i a l  c e l l s  ( ar rows ) . H&E . X 3 1 2 .  

F i g u r e  6 . 2 9  A t r a ch e a l  c u l t u r e  infected with + 1 07 CF U/ml B .  1 44 

pa r ap e r t u s s i s  i n  T 1 9 9 med i um . The ent i r e  epi the l i a l  

layer i s  d i so r g an i sed and s hows s e ve r e  l o s s  o f  

c i l i a ted c e l l s . The r emaining c e l l s  showing s e v e r e  

cytoplasmic vacuo l a t i on and the nuc l e i  appear 

pykno t i c . H&E . X 3 1 2 .  

F i g u r e  6 . 30 A t r ache a l  c u l t u r e  ino c u l a t e d  w i t h  + 1 0 1 CF U/ml o f  1 45 

B .  p a r ape r t u s s i s  for hr . The e p i the l i um i s  

l a r g e l y  i n t a c t  

e x t r u s i ons . SEM . 

shows a h i gh 

al though a few c e l l s  show 

X 1 , 200 . The inset m i c r o g r ap h  

magni f i c a t i on o f  s t r u c t u r e s  

recogn i s able a s  cocco-b a c i l l i  ( ar rows ) wh i c h  a r e  

attached t o  t h e  l ower po r t i on o f  c i l i a  • SEM . X 

1 2 , 000 . 

F i g u r e  6 . 3 1  A t r ache a l  o r g an c u l t u r e  infected w i th + 1 03 C F U/ml 1 45 

o f  B .  p a r aper t u s s i s  f o r  h r  showing man y 

epi the l i a l  c e l l  e x trus i ons . SEM . X 1 000 . 

F i g u r e  6 . 32 The e p i t h e l i um o f  a 

w i th + 1 05 C F U/ml o f  

t r ac h e a l  c u l tu r e  ino c u l a t ed 

B .  p arape r t u s s i s  

showing mod e r ate e x tr u s ion o f  e p i th e l i a l  

( ar rows ) . SEM . X 1 , 200 . 

for 1 h r  

c e l l s  

1 45 

F i g u r e  6 . 33 Bac t e r i a l  m i c rocolon i e s  o b s e r ved o n  the top o f  the 1 45 

c i l i ar y  c a r p e t  o f  t r ache a l  c u l t u r e s  inoculated w i t h  

+ 1 05 CF U/ml o f � pa r a p e r t us s i s  fo r 1 hr . SEM . X 

8000 . 

F i g u r e  6 . 34 The mucus membr ane o f  a t r acheal c u l t u r e  

inoc u l ated w i t h + 1 07 CF U/ml o f  B .  parape r t us s i s  

for 1 h r  sho wing s e v e r e  l o s s  o f  c i l i a . 

400 . 

SEM . X 

1 45 

• 
F i g u r e  6 . 35 H i g h  magn i f i c a t i on o f  the e p i th e l i um o f  a t r ache a l  1 45 

c u l t u r e  infected w i t h  + 1 07 C FU/ml o f  B .  

pa r ap e r t us s i s .  Most o f  the non-c i l i ated c e l l s  a r e  

swo l l en and p r o t r u d e  into the lumen . SEM . X 2000 . 

The ins e t  m i c r o g r ap h  i l l us t r a t e s  the c lo s e  



assoc i a t i o n  o f  B .  p a r a pe r t u s s i s  o r g a n i sms ( ar rows ) 

w i t h  the c i l i a . SEM . X 1 0 , 000 . 

F i g u r e  6 . 3 6  The e p i the l i um of a n  o r g a n  c u lture i n fected w i th 1 46 

+ 1 03 C F U/ml o f  B .  pa r ap e r t us s i s  for 1 h r . I t  

e x h i b i ts m i l d  c e l l u l a r  d egenera t i o n  i n c l u d i n g  

s l i gh t  swe l l i ng o f  t h e  n u c l e u s  (N) and marg i n a t io n  

o f  chromat i n . Occas i o n a l l y  b act e r i a  ( a rrows ) w e r e  

found among the c i l i a . TEM . X 6 , 300 . 

F i g u r e 6 . 37 A l a r g e  n umb e r  o f  B .  p a r apertussis o r g a n i sms 

( Ar ro ws ) a r e  p r e s e n t  among the c i l i a  of t r ache a l  

cu l t u r es i nfec t ed with + 1 05 C F U/ml for h r  b u t  

c e l l  d amage i s  m i n imal . T EM .  X 5 , 000 . 

1 46 

F i g u r e  6 . 3 8 H i g h  mag n i f i c a t i o n  o f  a B .  p arape r t u s s i s  o r g a n i sm 1 4 6  

showi n g  t h e  d e n se, fuzzy, p i l i -l i ke s t r uctures o n  

i t s  s u r face . TEM . X 85 , 500 . The i n s e t  micrograph 

shows that the e x tr ac e l l u l a r  memb r a n e  of the c i l i a  

a t  the s i t e  o f  bact e r i a l  att achmen t  i s  a b s e n t  

( ar r ow ) . TEM . X 64 , 1 00 .  

F i g u r e  6 . 3 9  A t r ache a l  o r g an c u l t u r e  i n fected w i th + 1 07 CF U/ml 1 46 

of B .  paraper t us s i s  fo r 1 h r  showi n g  s e v ere d amage 

and exfoli a t i o n  o f  most o f  the upper a n d  

i n t e rmed i at e  ce l l s  l e a v i n g  o n l y  a l ayer of b a s a l  

c e l l s  rema i n i n g . TEM . X 8 , 200 . 

F i g u r e  6 . 40 Bor d e te l l a  p a r apertus s i s  g r o wth c u r v e s  i n  t r achea l 1 47 

o r g a n  c u l t u r e  ma i n t a i n ed i n  T19 9 med ium show i n g  

t h a t  a l l  t i tr e s  r e ached a p l a teau ( l ag pha s e )  a t  

t h e  l evel  o f  + 1 06 to + 1 08 C F U/ml i n  t h e  s e v e n th 

hour post-i n o c u l a t i o n . 

F i g u r e  6 . 4 1  A t r ache a l  o r g a n  c u l tu r e  inocu l a ted with + 1 03 1 48 

CF U/ml of P .  h aemo l y t i c a  for 3 h r s  i n  T 1 99 med ium . 

The e p i t he l i a l  c e l l s  show m i l d  n u c l e a r  swel l i ng , 

vacuo l at i o n  and l o s s  o f  c i l i a . H&E . X 3 1 2 .  

F i g u r e  6 . 42 A n  o rgan c u l t u r e  i n fe c t e d  w i th + 1 07 C FU/ml o f  P .  1 48 

haemo l yt i c a  fo r 3 h r s  a n d  ma i n t a ined i n  T 1 99 

med i um . Th e r e  i s  s e v e r e  e x fo l i at i o n  o f  c i l i a t e d  a n d  

non-c i l i a ted e p i t he l i a l  c e l l s  ( arrows ) .  H&Ee X 

3 1 2 .  

F i g u r e  6 . 43 A t r ache a l  o r g a n  c u l tu r e  i no c u l a ted wi th + 1 09 1 48 

CF U/ml o f  P .  haemo l y t i c a  for 3 h r s  and mai n t a i n e d  

i n  T 1 9 9 med ium . The e p i t hel i a l  l ayer i s  s e v e r e l y  



d i s o r g an i s e d  wi th s e v e r e  e x fo l i at i o n  o f  both 

c ili ated and n o n -c i l i a ted c e l l s . H&E .  X 3 1 2. 

o rg an c u l t u r e  F i g u r e  6 . 44 T h e  e p i t he l i a l  s u r face o f  a n  

i n o c u lated w i t h  + 1 03 CFU/ml o f  P .  ha emo l yt i c a  for 

3 h r s  showi n g  mod e r a t e  loss o f  c i l i a . The c il i a  

show a n  o b v ious l ac k  o f  r i g i d i t y  and some l i e 

a c r o s s  the non-c i l i a t e d  s u r face . The n on-c i lia ted 

s u r f ace appe a r s  f l a t t e n e d  and shows n umerous 

m i c ro v i ll i . SEM . X 4,0 0 0. 

1 49 

F i gu r e  6.45 A n  o r g a n  cult u r e  i n fe c t e d  w i th + 1 07 CF U/ml o f  P .  1 49 

F i g u r e  6.46 

h a emo l y t i c a  fo r 3 h r s  showi n g  s e v e r e  epi the l i al­

d amag e .  E x fo l i a t ed c e l l s  cover the e n t i re lum i n al 

s u r f ace . SEM . X 400. The i n s e t  m i c rogr aph shows 

the p l asma membr ane o f  a n  e x foli at e d  c e l l  wh i ch i s  

ro ughened and c o nt a i n s  n umerous ho l e s  and p i t s 

( a rrows ) . SEM . 2,0 0 0. 

A t r a c h e a l  o r g a n  c u l t u r e  e x am i n ed 3 h r s  

p o s t - i no c u l a t i on w i t h  + 1 0 9 CF U/ml o f  P .  

haemo lyt i c a  showi n g  e x te n s i v e  and s e v e r e  

e x fo l i at i o n  o f  t h e  e p i thel i um w i th comp lete l o s s  o f  

c i li a .  SEM. X 400. 

1 49 

F i g u r e  6.47 Ex foli ated c e l l s  f rom o r g a n  c u l t u r e s  i n fected w i t h  1 49 

+ 1 0 9 CF U/ml o f  P .  h aemo l y t i c a fo r 3 hrs. They 

were cha r a c t e r i sed by a smoo th-sur faced memb r a n e  

whi ch i s  s e v e r ely d amaged by holes and p i t s  

( ar rows ) . Caps u l a t ed b a c i lli-l i k e  o r gan i sms w e r e  

o b s e r ved i n  small m i c r o c o l o n i e s  ( MC )  between the 

fr agments of  c e llu l a r  d e b r i . SEM . X 4,000. 

F i g u r e  6 . 48 The u l t r a s t r u c tu r e  o f  a t r ache a l  c u l ture i n fected 1 49 

w i t h  + 1 03 CF U/ml o f  P .  h aemo l y t i c a  and e x ami n e d  3 

h r s  po s t -i nocu l a t i o n . The e p i t he l i a l  ce lls a r e  

swo l l e n  a n d  the i r  c ytoplasm co n t a i n s  numerous emp t y  

v a c u o l e s  ( E V ) . Some v ac u o l e s  a r e  l ar g e  and con t a i n  

a n  amorpho us, d a r k  mat e r i al ( DV ) . TEM . X 5,0 00. 

F i g u r e  6.49 A tracheal o r g a n  c u l t u r e  i n fected w i th + 1 05 CF U/ml 1 5 0  

o f  P .  h aemolyt i c a  f o r  3 hrs . Su bnuel e a r  

v ac uola t i o n  ( ar rows ) w a s  t he mos t  promin e n t  c h a n g e  

obser ved i n  the e p i t h e l i a l  ce l l s . TEM . X 5,0 0 0. 

F i g u r e  6.50 Ep i the l i a l  cell s o f  a t r ache a l  organ c ult u r e  1 5 0  

i n fected w i th + 1 0 7 C FU/ml o f  P .  haemolyt i c a  f o r  3 



hrs . There i s  s e v ere l o s s  o f  c i l i a  (arrows ) and 

n u c l e ar e n l argemen t  ( N) .  The subnucl e ar cytop l a sm 

is trans l uc e n t h a v i ng l o s t  mo st o f  i t s  

u ltras tru c t ura l const i tuen t s . TEM . X 5,000 . 

F i gure 6 . 5 1 The lumi n a l  surface o f  a trach e a l  c u l ture i n fected 1 50 

w i th + 1 09 C F U/ml o f  P .  h aemo l yt i c a  for 3 hrs . I t  

i s  m arked l y  u n e v en d ue t o  c ytop l asmic budd i n g  and 

swe l l i ng of  m i crov i l l i . The c yt o p l a sm co n t a i n s  

numerous v ac u o l e s  in both supranuclear and 

subnucl ear area s . TEM . X 2,000 . 

F i g ure 6 .  52 P a s t eurell a haemol yti.ca. growth curv es-- in-t.ach e a l- �50 

org a n  c u lt ure ma i n t a i n e d  i n  T 1 9 9 med ium showing 

that  a l l  t i tres reached a p l ateau of  growth at  a 

l e v e l  o f  + 1 0 8 to + 1 09 CF U/ml 7hrs post-inoc u l a t i o n . 

F i gure 6 . 53 A trache a l  r i n g  i n fected w i th + 1 02 CF U/ml N .  1 5 1  

c a t arrh a l i s  for 4 hrs a nd m a i n t a i ned i n  T 1 9 9 

med i um .  There i s  mod erat e  loss o f  c i l i a  a n d  m i l d  

epi the l i a l  c e l l  e x fo l i a t i o n . H&E. X 3 1 2 .  

F i gure 6 . 54 A n  org an c u l ture i n fec ted w i th + 1 04 CF U/ml N .  1 5 1  

c a t arrh a l i s  for 4 hrs a n d  m a i n t a i ned i n  T 1 9 9 

med i um. The cytoplasmic v acuol a t i o n  o f  e p i the l i a l  

cel l s  and early squamou s  me t ap l a s i a  (arrows ) are 

the m a i n  f e a t ures . H&E . X 3 1 2 .  

F i gure 6 . 55 A n  org an c u l ture i n o c u l a t ed w i t h  + 1 06 CF U/ml N .  1 52 

c a t arrhal i s  for 4 hrs a nd m a i n t a i ned i n  T 1 9 9 

med ium .  The epi the l i a l  l ay er i s  d i sorgan i s ed a n d  

there i s  mod erate l o s s  o f  c i l i a  a s  wel l  a s  m i l d  

ep i the l i a l  e x fo l i a t i on . H&E . X 3 1 2 .  

F i gure 6 . 5 6 A trach e a l  c u l ture i n fe c t ed w i th + 1 08 C F U/ml N .  1 52 

c a t arrha l i s  for 4 hrs and m a i n t a i n ed i n  T 1 9 9 

med i um .  There i s  s ev ere l o s s  o f  c i l i a  and c i l i a t ed 

c el l s . I n  some are a s  the rema i n i n g  e p i the l i um 

shows squ amo us met ap l a s i a . H&E . X 3 1 2 .  

F i gure 6 . 57 The e p i t h e l ium o f  a n  org a n  c u l ture i n fe c t ed w i th 1 52 

+ 1 02 CF U/ml N .  c a t arrh a l i s  for 4 hrs sho w i n g  m i ld 

l o s s  o f  c i l i a  and s lough i n g  o f  a few e p i t h e l i a l  

c e l l s . SEM . X 2,000 . 

F i g ure 6 . 58 The l um in a l  surface o f  a trach e a l  org a n  c u l t ure 1 52 

i no c u l a t e d  w i th + 1 04 CF U/ml o f  N .  c atarrh a l i s  for 

4 hrs sho w i n g  numerou s  b u lbous project i o n s . The 

• 



F i g u r e  6 . 59 

s u r f a c e  o f  t h e s e  v ar i e s  from rough t o  

m i c ro v i l l us-l i ke i n  appe a r a n c e . SEM . X 2 , 00 0 . 

The s u r fa c e  

i n fec ted w i th 

e p i the l i um o f  

+10 6 C F U/ml o f  N .  

a n  o r gan c u l t u r e  

c a t a r rha lis fo r 4 

h r s . A l t hough t h e r e  i s  a n  i n c r e a s e  i n  n o n-c i l i a ted 

c e l l s  (ar r o ws ) the n umbe r  o f  bulges and protrudi n g  

c e l l s  i n  l e s s  t h a n  a t  lowe r t i tr e s . SEM . X 2 , 00 0 . 

152 

Figure 6 . 60 The ep i th e l i a l s u r face o f  a t r ache a l  c u l t u r e  153 

i n fec ted w i th +10 8 C F U/ml o f  N .  c a t a r r ha l i s  fo r 4 

h r s  showi n g  s e v e r e  l o s s  o f  c i l i a . The n o n-c i l i at ed 

s u r f ace i n  u n e v e n  and rough w i th n umerous knob-l i ke 

project i o n s . Other c e l l s  a r e  e n l a r ged and swo l l en 

and man y h a v e  a r u ff l ed p l a sma memb r a n e . SEM . X 

4 , 00 0 . 

F i g u r e  6 . 61 An o r g a n  c u l t u r e  i n fected w i th +102 CF U/ml o f  N .  153 

c a t a r rh a l i s  showing m i ld l o s s  o f  c i l i a  on l y .  TEM . 

X 6 , 300 .  

F i gure 6 . 62 A trache a l  c u l tu r e  i n fe c t ed w i t h  +104 CFU/ml o f  N .  153 

F i g u r e  6 . 63 

c a t a r r ha l i s  fo r 4 h r s  showing p romi n e n t  sub n u c l e a r  

v a c uol a t i o n  a n d  n u c l e a r  mar g i n a t i o n  o f  some 

e p i the l i a l  ce l l s . TEM . X 5 , 00 0 . 

The ep i the l i um o f  a t r ac h e a l  o r g an c u l t u r e  

i n fected w i t h +10 6 CF U/ml of N .  c at a r r h a l  i s  for 4 

h r s . I t  con s i s t s  o f  a n  upper l ayer wh i ch i s  

compos ed o f  f l a t t e n ed c e l l s  w i t h  few m i c rov i l l i  and 

a lowe r  l ayer con t a i n i n g  a lmos t  c ubo ida l c e l l s . 

Both s l ou ghed and i n t a c t  e p i thel i a l  c e l l s  e xh i b i t  

s e v e r e  v a c uo l a t i o n  (V )  and l o s s  o f  i n terce l l u l a r  

d i g i t at i o n . TEM . X 3,20 0 .  

153 

F i g u r e  6 . 64 AN ep i th e l i a l  c e l l  undergo i ng e x fo l i at i on from a 153 

t r ach e a l  c u l t u r e  i n fe c t ed w i th +10 6 CFU/ml o f  N .  

c a t a r r h a l i s  fo r 4 h r s . I t  has n o  di screte n u c l e a r  

memb r an e  a n d  the m i tochondr i a  (M ) a r e  

e l e c t r o n-den s e . T EM . X 8 , 20 0 . 

F i g u r e 6 . 65 A t r ac h e a l  o r g a n  c u l t u r e  i n fec ted w i th �10 8 CFU/ml 153 

o f  N .  c a t a r r h a l i s  fo r 4 h r s  showing severe damage 

to i t s  l um in a l  s u r face w i t h  comp l ete l o s s  o f  

m i c ro v i l l i  a n d  c i l i a . TEM . X 8 , 20 0 . 

F i g u r e  6 . 66 Nei s s e r i a  c a t a r r h a l i s  g rowth c u r v e s  i n  t r acheal 154 

o r g a n  c u l t u r e  m a i n t a i n ed i n  T19 9 medi um . A l l  



t i tr e s  r e a ched a p l a te a u  o f  g rowth a t  a l e v e l  o f  

+1 08 CF U/ml 8 hrs post-i n o c u l at i o n . 
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I NTRODUCTION 

Sheep are of spec i al economic impo r t ance in New Z ealand but l i k e  

other i n t e n s i vely r e a r ed li ve s tock they a r e  p r o n e  to r e s p i r a t o r y  

d i s e a s e . The two p r i n c i pal forms o f  o v i n e  pneumo n i a  whi ch o c c u r  i n  

th i s  co u n t r y  a r e  acute p neumo n i a  ( e n zoo t i c  pneumo n i a )  ( Sali s b u r y ,  

1 9 5 7 ) and chr o n i c  non-prog r es s i ve pneumo n i a  ( CN P )  ( Alle y ,  1 97 5 a ) . I t  

i s  g e ne r ally recogn i s ed that G N P  i s  o n e  o f  the most p r e v alen t  d i s e a s e s  

e n c o u n t e r e d  i n  sheep both i n  N e w  Z e aland and o v e r s e a s  ( Alle y , 1 97 5 a  & 

Jon e s ; et al . 1 97 6 ) . 

and  a f fe c t ed a n i mals usu ally e x h i b i t few cli n i cal s i g n s  although i n  

s e v e r e  c a s e s  there may b e  los s  o f  cond i t ion , cough and e x e r c i s e  

i n tole r a nce ( Alle y 1 975 a ) . R e c e n tly , i t  has b e e n  shown that 

e x pe r imen t ally-i nd uced GNP may c ause a s e v e r e  reduc t i o n  in growth r a t e  

r e s ult i ng i n  lowe r e d  c a r c a s s  w e i ght ( Jone s ; et al . 1 982a & Alle y ,  

1 9 8 6 b ) . 

Ther e  has ther e for e , b e e n  widespread i n terest i n  t h i s  d i s ea s e  

a n d  a w i d e  var i e t y  o f  o r g a n i sms h a v e  been i s olated from t h e  

r e s p i r a to r y  t r a c t  o f  pneumo n i c  sheep ( Da v i e s , 1 9 85 ) . The aet i olog i c al 

s i gn i f i c ance o f  man y o f  these o r g a n i sms has n o t  b e e n  cle a rly 

e s t abli shed . Con v e n t ional metho d s  o f  i n v e s t i g at i o n  have u s u ally 

i n volved the i no c u l a t i o n  o f  a suspected aet i ological a g e n t  or a g e n t s  

i n t o  the resp i r ator y t r a c t  o f  s u s c e p t i ble sheep b y  i n t r an a s al a nd/or 

i n t r a t r ac heal routes . Although most of the a t t empt s  t o  r eproduce the 

e x ac t  le s i o n s  of GNP with m i c r o b i olog i c al agents h a v e  fa iled , n a t u r al 

and e x pe r ime n t al s t u d i e s  u nd e r t aken to d a t e  have demo n s t r a t ed a clo se 

a s s o c i at i o n  b e tween G N P  les i o n s  and the presence o f  Mycoplasma 

ov i p n e umo n i a e and Pas teu r ella h a emolyt i c a  microo r g a n i sms . 

The a i m  o f  the p r e s e n t  s t u d y  was to o b t a i n  i n fo r ma t i o n  o n  the 

n a t u r e  and seque nce o f  e v e n t s  i n volved i n  the d e v elopment of CNP i n  

lamb s i n  New Zealand . The r e  was some e v ide nce from p r e v ious s tu d i e s  

( Alle y ,  1 97 5 a )  t h a t  t h e  t r acheobr o n ch i al a i rways may b e  i n volved i n  

the pathogene s i s  o f  t h i s  d i s ea s e . The p r e s e n t  s tu d y  h a s  t he r e fo r e , 

sought to sys temat i c ally i n v e s t i g ate the morpholo g y ,  h i s tochem i s t r y  

a n d  morphomet r y  o f  t h e  n ormal a n d  p n eumo n i c  o v i n e  t r acheobro n ch i al 

mu co s a . I n  o r d e r  to h elp cla r i fy the r ole o f  cer t a i n  m i c roo r g a n i sms 

i n  r e s p i ra to r y  d i s e a s e  o f  sheep i t  was also though t  approp r i a t e  to 



s t u d y  the i r  r e l a t i o n s h i p s  to t r a cheobro nchi a l  e p i t he l i um b y  u s i n g  

t r ach e a l  o r g a n  c u l t u r e s . 
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CHAPTER 1 

G E N E R AL R E V I EW OF L I T E RATU R E  

SECTION 1 

THE TRACHEOBRO N C H I AL A I RWAYS OF MAMMALS 

1 . 0 STR U CTURE 

1 . 1  GENER AL CHARACTE R I ST I C S  

The resp i r a t o r y  sys tem o f  a l l  v e r t e b r a t e  a n i ma l s  con s i s t s  of 

o r g a n s  that accomp l i sh the p r imar y  fu n c t i on s  of cond u c t i o n  and 

e xchange of g a s s e s . I t  may b e  d i v i d ed i n to three ma i n  par t s  ( Ba n ks, 

1 9 8 1 ) :  

1 .  The cond u c t i v e compo n e n t s . 

n a r e s  and i n c l ude the n a s a l  

The s e  e x tend f r o m  the e x t e r n a l  

c a v i t y, p a r a n a s a l  s i n u s e s, 

nasophar y n x, l a r yn x  and t r a cheob r o n c h i a l  a i r ways . 

2 .  The t r a n s i t io n a l  compon e n t s  wh i c h  a r e  p re s e n t  i n  some spec i e s  

o n l y  and con s i s t  of r e sp i r a tory b r o n ch i o l i, s t r uc t u r e s  whi c h  both 

conduct a n d  e x change g a s e s . 

3 .  The e x ch a nge 

a l v eo l a r  s a c s  and 

compo n e nts, wh i ch i nc lude a l veo l a r  d u c ts, 

a l v eo l i . Altho u g h  some conduct i o n  o c c u r s  

wi t h i n  the e x ch a n g e  componen ts, t he i r  p r i m a r y  fun c t i o n  i s  g as e o us 

e x change . 

The mamm a l i a n  tr acheobr o n chi a l  t r e e  i s  gener a l l y  d i v i d e d  i n to 

two p a r t s  ( We i s s  & Greep, 1 97 7 ; Rhod i n ,  1 97 4 ) . F i r s t l y  the t r a c h e a  

and e x t r apulmo n a r y  bronchi  wh ich h a ve a s t iff wal l  of h y a l i ne 

c a r t i l age i n  the fo rm of open r i n g s  t h a t  keep them perman e n t l y  

p a t e n t . They a r e  l i n ed b y  pseud o s t r a t ified c o l umnar c i l i ated e p i t h e l i um 

con t a i n i ng gob l e t  c e l l s  a n d  i n  the s ubmu co s a  b e n e a t h  a r e  n umerous 

s e r o-mucous g l a n d s  who s e  s e c r e t i o n  add s t o  that of the goblet c e l l s  

(Con s t a n t i n i d e s, 1 97 4 ) . The s e cond p a r t  c o n t a i ns n o  c ar t i l ag e  and 

co n s i s t s  of b ro n c h i o l i .  No s ubmucos a l  g l a n d s, basal  o r  goblet c e l l s  

a r e  p r e s e n t  i n  t h i s  r e g ion a n d  t h e  l um i n a l  surface i s  l i ne d  b y  
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c i l i a ted and C l a r a  c e l l s  ( Banks, 1 9 8 1 ) .  As one mo v e s  toward s the 

a l v e o l i  the fo l lowing changes occur in the 

t r acheobronch i a l  a i rway ( Co n s t an t i n i d e s, 1 974 ) : 

wal l  o f  the 

1 . I n the i n trapu lmo n a r y  bronchi  the c a r t i lage becomes d i v ided 

i nto mu l t i p le p l a t e s, jo i ned b y  con nect i ve t i ssue . 

2 . In the t e r m i n a l  bro nch i o l i  the c a r t i lage, gob l e t  ce l l s  and the 

sero-mucous g l an d s  d i s appear and smooth mus c l e  becomes more 

promi n e n t . 

3 . In the short r e s p ira tory bronch i o l i, jus t  be fore the a l v eo l ar 

d ucts, the e p i the l i um becomes s imp le cubo i d a l  a n d  i n  mo s t  mamm a l s  

t h e  smo o th mus c l e  l arge l y  d i sappears . 

Bes i d � the cond u c t i o n  o f  a i r, t r acheobronch i a l  a i r ways are 

r e s p on s i b l e  for c le a r i n g  the a i r  of p a r t i c u l a t e  matter, hum i d i f y i n g  

the a i r  and e i ther  coo l i n g  o r  warm i n g  i t  b e fo r e  i t  f lows t o  the 

e x ch a n g e  pa r t  of the r e s p i r a tory sys tem ( Banks, 1 9 8 1 ) .  

1 . 2  THE BRANCHI NG OF AI RWAYS 

U s i n g  epo x y  res i n  c a s t s, the pattern  of tracheobro n ch i a l  

b r a n c h i n g  i n  humans ( We i be l, 1 9 6 3 ;  Hor s f i e l d ; e t  a l . 1 9 7 1 ) , g u i n e a  

p i g s  ( Kl i me n t ; e t  �· 1 972 ) a n d  h amsters ( Kennedy ; e t  a l . 1 9 78 ) 

has been w e l l  docume n t e d . The branch i n g  p a ttern o f  h ams ters a n d  

gui n e a  p i g s  was e ss e n t i a l l y  s i mi l ar to t h a t  o f  man . I t  h a s  b e e n  fou n d  

t h a t  e ach b r an ch d i v i d e s  i n t o  two sma l l e r  b r a n c h e s  a n d  i s  t h u s  known 

a s  d i chotomo u s  branch i n g . Al though d i cho tomy is irr e g u l ar with reg ard 

to the d i ame t e r  a n d  l e n g t h  o f  b r anches, morphome t r i c  a n a l y s i s  of res i n  

c a s t s  re v e a l s  that  the pro g r e s s i o n  o f  a i rway d imen s i o n s  from the 

t r achea to the parench ym a  of  the lungs fo l lows s t r i c t  l a ws ( We i b e l ,  

1 96 3 ) .  

There h a v e  been t wo d i ffere n t  appro aches to the s tu d y  o f  

b r a n c h i n g  o f  the human tracheobro n ch i a l  tree . The e ar l i e s t  work was 

that o f  Wei b e l  ( 1 9 6 3 ) who fol lowed the branch i n g  from the trache a  to 

the l ung pare nchyma . I n  t h i s  c a s e  each b i furc a t ion g a v e  r i s e  to a n e w  

genera t i o n  o f  a irways . The n umber o f  branches i n  each g e n era t i o n  i s  

twice tha t  i n  the p ar e n t  g e n e r a t i o n , so that the branc h i n g  r a t i o  o f  
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d i c ho tomy i s  2 .  

gener a t i o n  ( Z )  i s : 

Accord i ng l y ,  the n umber ( N ) o f  bra n c h e s  i n  each 

As We i be l  ( 1 9 63 ) demon s trated , w i t h i n  e ach generatio n , the l e ng ths and 

d i ame ters o f  bra nches h ave a chara ct eri s t i c  ran g e  of s i z e s  but the 

mea n  d i ameter of the a irways u p  t o  abou t  the s i x teenth g e n erat i on 

decre a s e s  s y s temat i c a l l y  fol lowi n g  a s imp le l aw :  

d ( Z ) :do . 2-Z/3 

where : 

d ( Z )  = the mean d i ame t er o f  a irways g e n era t i o n  Z and 

do = the d i ame t er of the trachea. 

Thi s  equ a t i o n  s hows that w i th e a ch g e n era t i o n  the a irway d i ameter i s  

red uced b y  the c ube roo t  o f  the bra n c h i n g  r a t i o  2 .  

Us i ng th i s  approach , i t  i s  pos s i b l e  t o  c o n s truc t  a mod e l  t h a t  

takes i n t o  account i rre g u l ari t i e s  i n  bra n c h i n g  b y  co n s i deri n g  t h e  

n umber o f  a irwa ys o f  a g i ven d i ameter , t h a t  e x i s t  i n  e ach g enera t i o n  

a n d  the n umb er o f  l e n gths o f  bro n c h i a l  pathway tha t i n ter v e n e  between 

the l aryn x and a part i c u l ar a i rway . 

A l t ernat i ve l y , Hors f i eld ; e t  a l . ( 1 97 1 ) have u s ed the Stra h l e r  

sys tem o f  a n a l y s i n g  r i vers to fo l lo w  tracheobronch i al branchi n g . In 

th i s  s y s t em branches are grouped i nto ord ers b y  s i ze ,  beg i n n i ng w i t h  

the sma l l e s t  d e s i gn a t ed a s  ord er 1 .  Two c o n v erg i n g  ord er bra n c h e s  

make a n  order 2 bra n ch , two order 2 bra n c h e s  make a n  ord er 3 bra nch , 

and  so o n . Thi s  ord er i n g  p a t t ern i s  part i c u l arly we l l  ad apted to a 

system o f  irreg u l ar d i chotomy b e c ause the s i ze o f  branches i n  o n e  

ord er v ari e s  l es s  than  w i th the o ther approach . A branch i n g  rat i o  i s  

determ i n ed as the rat i o  o f  the n umber o f  branches i n  order u to t h a t  

i n  order u + 1 .  

However , both mod e l s  o f  approach i n g  a irwa y bra n c h i n g  y i e ld 

bas i c a l l y  the same resu l t s . The g en era l c o n c l us i o n  drawn from the s e  

types o f  a n a l ys i s  i s  that  the d i ame ter o f  the tracheobro n c h i a l  a irway s  

are such a s  to e n s u r e  opt imal con d i t i o n s  f o r  a irflo w .  Thu s , from a n  

eng i ne eri n g  p o i n t  o f  v i e w ,  t h e  tracheobro nchi a l  a irwa y s  are w e l l  

d e s i gned (We i b e l , 1 9 63 ; Hors f i e l d ; e t  a l . 1 97 1 ) .  
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The d i a me t e r  o f  the mos t  per i ph e r a l  a i rways a f t e r  gene r a t i on 1 6  

do no t fo l lo w  the law o f  reduct i on b y  the cube root o f  2 ;  the 

d i ameter of r e s p i r a tory b r onch i o l i  and a l veo l a r  d u c t s  change v e r y  

l i t t l e  w i t h  e a c h  g ene r a t i on ( We i be l , 1 9 63 ) .  In t h e  mos t  p e r i ph e r a l  

a i r ways , mas s a i r f low i s  p a r t  o f  t h e  means o f  t r anspo r t ing o x ygen , 

wh i l e in the t e rminal a i r ways o x ygen mo l e c u l e s  must  mov e  into the 

r e s i d u a l  a i r  by d i ffusion. However , d i ffu s ion of o x ygen in the gas 

ph ase i s  be s t  s e r v e d  by e s t ab l i sh ing as l ar ge an i nt e r face a s  pos s i b l e  

between r e s i d u a l  a i r  and the fresh a i r  t h a t  flows i n  from t h e  t r achea . 

We i b e l  ( 1 9 63 ) d emons t r ated that the a i r way d i amet e r  r emains ne a r l y  

unchanged a f t e r  gene r a t i on 1 6 ,  and thus, t h e  t o t a l  a i rway c r o s s  

sec t i on ne a r l y  d o u b l e s  w i th e a c h  gene r a t i on beyond t h i s  po int. 

1 .3 THE STR UC T U R E  OF THE WALL OF A I RWAYS 

The wal l  of t r acheobronch i a l  a i r ways cons i s t s  of fou r  component s 

( Banks , 1 9 8 1 ) ;  the ep i th e l i um , the l amina prop r i a-tun i c a  s u bmucosa, 

the tun i c a  mus c u l a r i s  and the a d v ent i t i a . 

The e p i thel i a l l ining o f  t r acheob ronch i a l  a i r ways cons i s t s  o f  

two main c e l l  types ( 1 )  c i l i a t ed c e l l s  that  p r o p e l  u pw a r d s  the 

o v er l ying mucous b l anket and ( 2 ) mucus produc ing u ni c e l l u l a r  g l and s 

( go b l e t  c e l l s )  ( Kuhn , 1 976 ) . The numb e r  and d i s t r i b u t ion o f  the c e l l s  

in t h e  e p i t he l i um a r e  subje c t  to spec i e s  v a r i a t i on and w i l l  be 

d i scus sed l a t e r .  In a l l  spec i es , a s  one moves down the a i r wa y  t r e e  

from t h e  t r achea to the t ermina l b ronc h i o l i ,  t h e  e p i the l i um g r ad u a l l y  

thins ( We i b e l, 1 9 80 ) .  

The l amina prop r i a -tuni c a  s ubmuco s a  i s  mad e u p  o f  a r e o l a r  

conne c t i ve t i s s ue. E l a s t i c  f i b r e s  are prominent and are b e l i e ved to 

replace the l amina musc u l a r i s  muco sae i n  the deeper l a yer . Muco s a l  

g l and s o f  the b ranched , co i l ed , t ubo-al veo l a r  mucou s  t y p e  a r e  p r e s ent 

and e x tend the d ep th of the submucos a l  r egion adjacent t o  the i nne r 

s u r face o f  the c a r t i l age. In the normal b r onchus, the g l andu l ar a c i n i  

o f  t h e s e  g l ands are r e l at i ve l y  sma l l  and a r e  compos e d  o f  s e r o u s  and 

mucous c e l l s  ( Banks , 1 9 8 1 ) .  

The t un i c a  musc u l a r i s  i s  l im i t e d  to t r ansver s e l y  o r i ented b and s 

o f  smoo th mus c l e  t i s s u e  that  e x t end b e t ween the open end o f  the 

c a r t i lage ( Banks , 1 98 1 ) .  The smooth mus c l e  bund l e s  form a cont inuous 
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s l ee v e  i n  the c o n n e c t i v e  ti s s u e  u nderl y i n g  the ep i th e l i a l  tu be that 

e xtends from the major bro nchi to the resp i ratory bron c h i o l i . Beyond 

the resp iratory bronch i o l i, the b undl e s  e xte nd i nto the wal l o f  

a l veolar ducts where the muscle f i bres l i e  i n  r i ngs a t  the entr a n c e  to 

a l v eo l i . Contracti o n  o f  the se m u s c l e s  resu lts i n  a n arro w i n g  o f  the 

l umen (Camero n & Bateman, 1 9 83 ) . 

The tu n i c a  adventiti a i s  composed o f  areo l ar c o n n e ct i ve t i s s u e  

wh ich b l e nds w ith the surround i ng f a s c i a  (Banks, 1981 ) .  

1 . 4 THE E P ITHELI UM 

The mu cosa o f  the mamm a l i a n  r e s p iratory tract muco s a  has b e e n  

e xten s i ve l y  e x ami n ed b y  T E M  and t h e  c e l l u l ar deta i l s  h a v e  b e e n  de f i n ed 

i n  number o f  sp e c i e s i n c ludi n g  the rat (Rhodi n  & D a l h a mn, 1956 ) , mouse 

(Karrer, 1 9 5 6 ; H a n s e l l  & Morett i ,  1 9 6 9 ; Hama & Nagata, 197 0 ) ,  r a b b i t  

(Konrado v a, 1 9 66 ) ,  d o g  (Okano ; � � ·  1970 ; Fras c a ; � � · 1 9 6 8 ) ,  

man (Fra s c a ; et � · 1 9 6 7 ) ,  p i g  (Baskerv i l l e, 1 97 0 a  & b )  and pou ltr y  

(Walsh & McLe l l a nd, 1 9 74 ) . Sc a n n i n g  e l e ctronm icroscopy h a s  a l s o  b e e n  

used t o  study the s u r f a c e  topogr aphy o f  the a irways i n  a v ari ety o f  

ani mal s i nc l ud i n g  the g u i ne a  p i g  (Okada, 19 6 9 ) ,  horse (Nowe l l  & Tyler, 

1971 ) ,  hamster (Nowe l l  & Tyl er, 1 971 ) ,  mous e  (Gr e e n wood & Ho l l a nd, 

1972 ) ,  o x  (Mar i a s s y ; et al . 197 5 ) ,  rat (Al e x a nder ; et � ·  19 7 5 )  

and dog (Wri ght ; et � · 1983 ) . 

J e f fery (19 83 ) has re v i e wed the TEM f i nd i ngs to date and tab led 

at l e a s t  e i ght d i st i n ct ep ithe l i a l  c e l l  types (Tab l e  1 . 1 ) .  Three o f  

the s e  are thou ght to b e  secretory n amel y ;  mucous (go b l et ) ,  sero us a nd 

non-c i l i ated bro n ch i o l ar ep i th e l i a l  (Cl ara ) c e l l s . The other c e l l  

types i nc l ude c i l i ated, i ntermedi ate, brush, b a s a l  a n d  bro nc h i al 

Ku lch i tsky ce l l s . I n  addi t io n  to at le ast two migratory c e l l s  and two 

neur a l  e lements h a v e  been recogn i sed . Tab l e  1 . 1 i l l u strates how the 

occurrence, frequen c y  and d i str i b ut i o n  o f  cell types v ar i e s  b etween 

spec i e s . The e i ght ep i the l i a l  c e l l  types and the i r  f e atures h a v e  b e e n  

de scri bed i n  c o n s idera b l e  deta i l  b y  R e i d  a n d  Jones (197 9 ) and J e f fery 

(19 83 ) has re v i ewed the i r  occ urre n c e, frequency and d i str i b ut i o n  i n  

large numb er o f  mamma l s . 

Two studi e s  h a v e  been m ade o n  the frequency and d i str i but i o n  o f  

the c e l l  type s  a t  f i ve d i f fere nt l e v e l s  of the tracheobro n c hi a l  



TABLE 1 . 1 :  NORMAL T R ACH EOBRONC H I A L  A I RW A Y  CELL TYPES ( J EF F E R Y , 1 98 3 )  

MA I N  C E L L  TYPE S P EC I F I C  C E L L  T Y P E  HUMAN MONKEY DOG CAT P I G  cow R A T  MOUSE HAMSTER R A B B I T  G U I N E A  P I G  F E R R ET B I R D  

E P I THEL I A L  C I LI A T E D  + + + + + + ... ... ... ... ... + ... 

MUCOU S  ... ... ... ... ... ... ... ... ... ... ... ... + 

S E R OUS FT - - ... - - S P F  - Y A  - - - -

C L A R A  + ... ... + + ... ... .. ... + + + -

E N DOC R I N E  ... + - ... - - .. + ... ... + - + 

T R A N S I T I O N A L  CMEM - - SM - - SM CSM CM - - - -

S P E C I A L  TYPE - - - .. ... - - - - - - - -

BRUSH - - - ... ... + ... + - ... + + -

I NT E R M E D I A T E  ... - ... ... ... - ... ... ... - - + -

BASAL + ... + + + + + ... + ... + + ... 

M I G R A T O R Y  LYM PIIOCYTE ... MC - .. - - .. ... + ... - - -

GLOBULE LEUCOCYTE - MC M C  ... - ... .. - - - - - -

M/\ST C E L L  - ... MC - - - - - - - ... - -

N E U R A L  N E U R OE P I T H E L I /\ L  BODY ... ... - ... ... - .. ... - ... - - ... 

N E R V E  T E R M I N /\LS - ... - ... - - + B ... + + ... + 

DE F I N I T ION OF 1\ B B R E V I ATIONS 

+ = P R E S E NT ; - = U N I D E NT I F I E D ; FT= FETAL T I S SUE ; S P F = S P E C I F I C  PATHOG E N  F R EE ; Y A = YOUNG A NI M A L ; SM = S E ROUSMUCOUS ; M C = M I G RATORY C E LL ; B = B R ON C H I OL I  ONLY ; 

CMEM = C I LIOMUCOU S , MUCOSEROUS , E NDOCR I N E -MUCOU S ; CSM = C I L I OMUCOU S , SE ROMUCOU S .  
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a i r ways . J e f fer y a n d  R e i d  ( 1 9 75 ) measured e p i th e l i a l  t h i c k n e s s, the 

depth of  c i l i ar y  l ayer i n  the r a t  and d es c r i bed the u lt r a s t r u c t u r a l  

featu r e s  o f  the c e l l s  prese n t . The y  fo und that the e x t r a p u lmon a r y  

a i r ways h a v e  a p s e u do s t r a t i f i ed e p i thel i um, b u t  the i r  i n t r apulmo n a r y  

coun t e r p a r t  h ad a s i mp l e  one . The upper t racheal  ep i th e l i um w a s  

t h i c k e r  t h a n  t h e  l o wer par t . The y  i d e n t i f i e d  ten c e l l  t y p e s ; E i ght 

were e p i t he l i a l and two m i g r a to r y .  At a l l  l ev e l s, the e p i t h e l i um 

co n s i s t ed o f  40 50% non-c i l i a ted c e l l s. C l a r a  c e l l s  w e r e  n o t  

r es t r i cted to t h e  t e rm i n a l  b r o n c h i o l i  but e x t e n d ed forward a s  f a r  a s  

e x t r apulmo n a r y  b r o n c h i . I n  the i r  s tudy, e p i the l i al s e r o u s  ce l l s  were 

d e s c r i bed fo r the f i rs t  time in  the a i rway - epi the l i um of --su�-humarr 

a n imal s .  The u l t r a s t r u c t u r a l  featu res o f  these cel l s  were s i mi l a r  to 

the s e rous c e l l s  of hum a n  submucos a l  g l a n d s  ( Me y r i c k  & R e id, 1970 ) .  

U s i n g  the s ame t echn i que, Pack ; e t  a l . ( 1 9 8 1 ) s t u d i e d  the 

t r acheob r o n c h i a l  e p i th e l i um of mice . Con t r a r y  to wh a t  was found i n  

the r a t  and o th e r  spec i e s, the major i t y  o f  c e l l s  i n  the mouse a i r way 

epi the l i um were C l a r a  c e l l s . Mucus-prod u c i n g  g l ands wer e  i n fr eq u e n t  

thro ugho u t  t h e  a i r ways, though gob l e t  c e l l s  occ u r r ed i n  i n c r e a sed 

numb e r s  a t  the c a r i n a and in  the p r i ma r y  bronch i . The s e  w o r k e r s  

pro v i d ed e v i d en c e  that C l a r a  c e l l s  m a y  u n d e rgo both apoc r i n e  a n d  

mero c r i n e  s e c r e t i o n . 

Mar i a s sy a n d  P lopper ( 1 983 ) have r e c e n t l y  comp l e t ed the f i r s t  

systema t i c  s t u d y  o f  the e p i thel i al popu l a t i o n  o f  t r acheob ro nc h i a l  

ai rways o f  a l ar g e  mamma l i an s p e c i e s ; the sheep . B a s e d  o n  

d i f f e r e n c e s  i n  c e l l  mo rpho l ogy, s t a i n i n g  prope r t i e s  a n d  d i s t r i b u t i o n, 

they recogn i sed a n d  quant i f i ed e i gh t  major c e l l  groups ; four mucous 

cell c a tego r i es, c i l i a ted, b as a l, C l a r a  and serous c e l l s . The l a s t  

ce l l  t ype was r e s t r i c t ed t o  submucosal  g l a nd s . The s e  i n ve s t i ga t o r s  

fo und that  bas a l  c e l l s  comp r i s e d  abou t  2 5 %  o f  the t o t a l  e p i the l i a l  

popu l a t i o n  i n  t h e  t r achea a n d  d e c r eased p r o g r e s s i v e l y  i n  mo r e  d i s t a l  

gene r at i o n s . The p e r c e n t a g e  o f  c i l i at e d  c e l l s  w a s  b e t we e n  3 5  a n d  6 0  

o f  the t o t a l  ep i th e l i a l  popu l a t ion, b e i n g  lowest i n  the t r a c h e a  a n d  

the mos t  d i s t a l  a i r ways and h i ghest i n  i n t r apulmo n a r y  c a r t i l a g i no u s  

ai r ways . The p r o po r t io n  o f  t h e  s e c r e to r y  c e l l s  w i t h i n  the e p i t h e l i a l  

popu l a t i o n  was a p p ro x imat e l y  the s ame i n  a l l  the c a r t i l a g i no u s  a i r wa y s  

a n d  d e c r e a s ed i n  the d i s t a l  non-c a r t i l a g i nous o n e s . Thes e  wor ke r s  

a l s o  found t h a t  e p i t he l i a l  c e l l  d i s t r i bu t i o n  i n  s h e e p  d o e s  n o t  

cor r e l a t e  w i t h  a i rway wal l  compo n e n t s  a n d  that mor e  t h a n  o n e  t yp e  o f  

sec r e to r y  epi the l i a l  c e l l  c a n  s h a r e  t h e  l i n i n g  o f  t h e  s ame a i r wa y . 
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Howe ver, c o n t r a r y  t o  wha t  h a s  b e e n  found i n  mi c e, C l ara c e l l  

d i s tr i b u t i o n  i n  the sheep i s  b a s e d  o n  a i rway g e n e r a t i o n  a n d  pro x im i t y  

t o  a l v eo l i . 

Whe n  the stu d i e s  o f  the tracheobro n ch i a l  a i rways o f  the r a t  

( Je f f e r y  & R e i d, 1 97 5 ) , mou s e  ( Pack ; e t  a l . 198 1 )  and  sheep 

( Mar i a s s y  & P lopper, 1 9 83 ) are comp a r ed, the degree of d i ffere nce 

sugg e s t s  there may be d i f fe r e n c e s  in  a i rway fun c t ion b e t we e n  spec i e s . 

The chem i c a l  n a t u r e  o f  the muco c i l i ar y  l i n i ng wou ld a l so appear to b e  

d i f fere n t . R ats ( Je f f e r y  & R e i d, 1 9 7 5 ) a n d  m i c e  ( Pack ; e t  a l . 1 9 8 1 )  

11 a v e  few i f  a n y  o f  the a i rway e p i thel i a l  c e l l - typ-e-s- whtbh s e c r e t e- a C i d  

g l ycopro t e i n s and few g l a n d s, whe r eas the sheep ( Mar i a s s y  & Plopper, 

1 9 83 ) and hamster ( Ke n n e d y ;  et a l . 1978 ) h a ve a l ar g e  n umb e r  o f  

these c e l l s  i n  the pro x imal a irways a nd i n  add i t i o n  the sheep h a s  

g l a n d s  i n  abundanc e . T h e  v a r i a t i o n  i n  numb e r s  o f  sec r e t o r y  c e l l  t ypes 

and g l a n d s  in  d i ffe r e n t  a i rway g e n era t i o n s  o r  leve l s  of the s ame 

spe c i e s  s u gg e s t s  that  the l i n i ng v a r i e s  wi thi n the t r acheobronch i a l  

tree i t s e l f . The marked d i ffe r e n c e  i n  the e x te n t  o f  b a s a l  c e l l s  w i t h i n  

the a i rways o f  sheep may i n d i c a t e  a d i f fe r ence i n  poten t i a l  fo r 

respond i n g  to ep i t he l i a l  i njury b y  i n fect i o u s  or to x i c  a g e n t s . 

2. 0 DEFENCE M ECHAN I SMS 

The l un g  d e f e n d s  a g a i n s t  i nh a led p a r t i c l e s  b y  t wo mechan i sms ; 

c l e a r a nc e  b y  the mucoc i l i ary b l anket i n  pro x i m a l  a i rways and 

phago c yt o s i s  by a l v eo l ar macrophages in d i s t a l  a irways ( Gre e n ; e t  a l . 

19 76 ) .  I nh a led p a r t i c l e s  g r e a t e r  than 5 urn i n  d i amet e r  a r e  genera l l y  

t r apped o n  the muco c i l i ar y  b l a n k e t  and a r e  the n red i r e c ted toward the 

mouth for e l i mi n a t i o n  b y  swa l l o w i n g  or e x pector a t i o n . M o s t  p a rt i c l es 

that a r e  l e s s  than  5 urn i n  d i ameter reach d i s t a l  a irways whe r e  they 

may b e  engu l fed b y  a l v e o l a r  macrophages ( Da n i e l e, 1 9 8 0 ) .  

Howe ver, h i gh l y  solub l e  part i c l e s  d i s s o l v e  r ap i d l y  a n d  a r e  

abso r bed i n to the b l o o d  s tream from t h e  respira tory t r a c t . The i r  

me tabo l i sm a n d  f a t e  re s emb l e s  t h a t  o f  a n  i nt r a veno u s l y  i n je c t ed d o s e  

o f  the s ame m a t e r i a l ( Brai n, 1 9 8 0 ) .  Whe n  normal c l e ar a n c e  mecha n i sms 

are d e p r e s s ed or a b s e n t  and whe n  e xcess  s ecre t ions are pre se n t, a h i gh 

velo c i ty of a irfl o w  may p l a y  a very i mpor t a n t  ro l e  i n  remo v i n g  i nh a l e d  

part i c l e s . The tracheobronch i a l  e p i t he l i um con t a i n s  cough and 

i r r i t a n t  recep tors, wh i ch whe n s t i mu l a t e d  prod uce a cough r e f le x . 
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Cough i n g  cre ates a irway n arrowi n g  as wel l  a s  max imi s i ng e x p i ratory 

flow, thu s  the h i gh l i n ear v e l o c ities  created are a b l e  to mo ve mucus 

and debr i s  a lo n g  the a irways (Le ith, 1 9 77 ) .  

Bes i d e s  pro v i d i n g  a phy s i c a l  l i n i ng for the mai n  a ir d u cts, the 

epithe l i um i s  a l so concerned with ; (a ) keeping its fre e  surface 

constantl y  wet to pre vent dehydration, ( b )  trapp ing a n d  e x p e l l i n g  some 

of the i nh a l e d  part i c l es, (c ) o f fer i ng some pre l imi n ar y  i mmu n o l o g i c a l  

res i stance t o  a i rborn e  organ i sms. The wett i n g  is re a l i s ed by mu cus 

product i o n  from g o b l et cel l s  and by add i t i o n a l  muc u s  and s erous 

secreti o�n prod uced b y  suomuco s a l  g l a n d s_ �(_Constanti n L deS- r -- l- 9-7 4- )- .- --+he­
trappi n g  o f  some a irborne part i c l e s  i s  prob a b l y  e x pe d i ted thro ugh 

their adhe s i o n  to the sticky f i lm that forms on the e p i th e l i a l  

surface. The ir e x pu l s i o n  i s  d u e  to th e wave l i ke pro pu l s i ve action o f  

the c i l i a  i n  the d irection o f  the l ar y n x  (Chev i l l e, 1 9 7 6 ) . The 

pri mary c e l l type i n  the tra cheobronch i a l  tract of h i gher mamm a l s  i s  

the c i l i ated col umnar c e l l, wh i c h  h a s  n umerou s  c i l i a  e xtend i n g  from 

its free surface. Krahl ( 1 9 63 ) e sti mated that 270 

pre s e nt o n  e ach c i l i ated column ar c e l l  or 1 800 mi l l i o n  

epithe l i a l  surface i n  the hum a n  respiratory tract . 

c i l i a  may b e  

p e r  mm2 o f  

T h e  secretory i mmune s y stem con s i st i n g  o f  lymphoc yte s and p l asma 

ce l l s  with i n  the tra cheobro n c h i a l  s u bmuco s a  i s  a n other i mportant 

defence mech a n i sm. These c e l l s  secrete anti bod y mo l e c u l e s  wh i c h  are 

the n  tra sported by ep i the l i a l  c e l l s  i nto the bronch i a l  l umen ( Bra i n, 

1 9 80 ) .  The s i gn i f i c a nce o f  s e cretory i mmunoglob u l i n s  i n  the d e fence 

of the re s p i ratory tract a g a i n s t  i nh a l e d  anti gens is  wel l  d o c umented 

(Toma s  & B i e n e n sto c k, 1 9 6 8 ; Tomas, 1 9 7 0 ; S p i e g e l b erg, 1 9 74 ) .  

Immunoglob u l i n  A ( I g A )  has b e e n  shown to b e  the major i mmu n o g l ob u l i n  

i n  r e s p iratory secretions o f  m a n  (Ke imowitz, 1 9 64 ; R em i ng to n ; et a l .  

1 9 64 ) ,  cattle (Mach & Pahud. 1 97 1 ) a n d  s h e e p  (Sm i th et a l . 1 975 ; 

All e y ; et al. 1 9 8 0 ) . Secreted I g A  forms a d i mer, whi c h  comb i n e s  

with secretory compon ent produced b y  e p i th e l i al c e l l s  b e fore r e l e a s e  

i nto a i rways. The add ition o f  s e cretory component t o  t h e  I g A  d imer 

affords protect i o n  from e n zymati c  d i ge s t i o n  by proteo l yt i c  e n zymes 

pre s e nt in bro n ch i a l  s ecret i o n s  (Reyn o l d s  & Newb a l l ,  1 974 ) a n d  thus 

pro l o n g s  its a c t i v ity 

A second c l a s s  o f  secretory i mmunog l o b u l i n  of i mporta n c e  i n  the 

re s p i rator y  trac t  i s  I g G . Immu n o g l o bu l i n  G i s  the major 
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i mmuno g lo b u l i n  i n  newborn anima l s  ( Al l ey ; e t  a l . 1 9 80 ) and the lower 

r e s p i r ato r y  tract o f  a d u l t  humans ( Dani e le, 1 980 ) . Because 

s e c r eta r7 i mmuno g l o b u l ins wer e d e tected b e fo r e  

conc l uded b y  Smi th ; et al. ( 1 9 76 ) t h a t  the 

suck l i ng, i t  

i mmuno g l o b u l ins 

no 

was 

o f  

newbo rn l amb s wer e materna l l y  d e r i ved . Immuno g lobul in M wh i c h  i s  a l so 

b ound to s e c r e to r y compound b e fo r e  r e l e a s e  has been d e tected i n  

resp i r a t o r y  sec r e t i ons o f  man ( Ka l t r e i d er, 1 9 76 ) a n d  l ambs ( Sm i th ; et 

a l . 1 9 76 ) . 

B a c t e r i a  h a v e  been shown t o  b e  mo r e  e f fec t i v e l y  phagoc yt i s e d  b y  

.a l v eo l ar macroph ages when _ _  co.at.e.cL or _op_soni.s_e.d_wi .kh I g_G._th an ___ �trl.th ___ I gP. 

mol e c u l e s  ( Re yno l d s ; e t  al. 1 975 ) . However, I g A  i n  b ronc h i a l  

sec r e t i ons appe a r s  to protect t h e  l ung b y  i nh i b i t ing v i r u s e s  from 

infec t ing e p i t he l i a l  c e l l s, b y  p romo t ing c l ump ing and d e c r e a s ing 

ad her ence to muco s a l  s u r faces o f  c e r t a i n  bac t e r ia such a s  s t reptoc o c c i  

and in comb i nat i on w i th l yso zyme and comp l ement p r e s ent in b r onc h i a l  

sec r e t i ons, promot ing phagocyto s i s  o f  I gA-co at ed p a r t i c l e s  and 

bacte r i a  through the alt erna t e  p a thway ( Br a in, 1 9 80 ) .  

Lys o zyme and l ac toferr in a r e  s e c r e ted b y  submu co s a l  g l and c e l l s  

o f  man and some l ab o r atory an i m a l s  and a r e  pre sent i n  t r acheobronch i a l  

sec r e t i on i n  r e l a t i v e l y  h i gh concen t r a t ion ( Boat & Cheng, 1 980 ) . 

Altho u gh, t h e s e  t wo proteins h a v e  ant i m i c r o b i a l  p rope r t i es, the i r  

i mpor t ance a s  d e f ence mechanism i n  the a i rways h a s  not yet been 

d e t e rmined . 

3 . 0 CHANGES I N  TRACHEOBRONCHIAL A I RWAYS 

3 . 1  STR UCTU R A L  C HANGES 

C i l i a  a r e  v e r y  sens i t i ve t o  injur y, and d i s r u p t i on of the i r  

mov ement cons i d e r a b l y  d ep r e s s e s  t he i r  effec t i v enes s  in r emov ing 

cont aminants from the upper r e s p i r ato r y  t r a c t  ( Ch e v i l le, 1 9 8 3 ) . I t  

has been shown t h a t  the e x pos u r e  t o  g a s es such a s  s u l phu r d i o x i de, 

o zone and n i t rogen d i o x i d e  at low l e v e l s  d amages c i l i a  and inc r e as e s  

c i l i ogene s i s  in t h e  t r achea, b ronc h i  and b ronchi o l i  o f  r a t s  ( Steph ens ; 

et a l . 

e t  a l . 

1 9 7 4 ; Schwar t z ; 

1 9 8 1  ) • 

e t  al.  1 97 6 ) and nonhuman p r i m a t e s  (Eus t i s ; 

Terminal and r e s p i r a t o r y  b ronc h i o l i and a l v eo l a r  d u c ts a r e  
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espec i a l l y  equ i pped t o  de a l  w i t h  inhaled t o x ins such a s  c i gare t t e  

smoke (Niewoehener ; et a l . 1 9 74 ) and c o a l  dus t  (Hep p l e s ton, 1 953 ) . 

The i r  non -c i l i a t ed e p i t h e l i a l (C lara ) cel l s  cont a i n  l arge amounts o f  

de t o x i fying enzymes (Bree ze ; e t  al . 1 976 ) . When injured, these 

ce l l s  n e squama t e  b y  the mechan i sm of re f l e x  a irway constri c t i on 

(Bro wns t e i n, 1 9 80 ) and are rep l a c ed b y  i mmature forms , whi c h  rema in 

a t t a ched to the terminal bronc h i o l ar surface (Ev ans ; e t  a l . 1 9 78 ) . 

I t  has been shown that the c i l i a  o f  the tracheobronc h i a l  

e p i t h e l ium di s appear rap i d l y  i n  re spons e t o  re s p i ratory v irus 

infec t i on . Once v iral rep l i c a t ion b e g i n s  t n s i d e·- the c i l ra t ed-· ep :rthe l i"ai 

cel l s, c i l i a  break away from the surface, l e a v i n g  onl y i rre g u l ar 

micro v i l l i  ( Bang & Bang, 1 9 6 9 ) . Although, mos t  bacteria and 

myco p l a smas h a v e  no ab i l i t y  to invade epi the l i a l  cel l s, many are a b l e  

to attach to c i l i a  and produce to x ins wh i c h  seep i nto t h e  e p i the l i um 

caus ing c e l l u lar deg ener a t i on and necro s i s . 

b iochem i c a l  s tudi e s  o f  M .  hyopneumon i a e  

Ultra s truc tural 

infec t i on in 

and 

p i g s  

(Li v ing sto n e ; et � · 1 9 72 ) ,  � pneumoniae i n  man (Wi l son & Co l l i er, 

1 9 76 ) and M .  g a l l i s e p t i cum in pou l try (Zucker-Frank l in ;  et � · 

1 9 6 6 a ; b )  h a v e  demonstra t ed t h a t  the se org ani sms are pro v ided w i t h  

spec i f i c  a t t achment de v i ces whi c h  a l low them to remain entwined among 

c i l i a . Some true b ac t eri a s u ch as Borde t e l l a  sp . and A l c a l i genes 

(fami l y  Achromobacterace a e )  re l e a s e  h i ghly po tent t o x ins wh i c h  produce 

rap idl y necro t i s ing re ac t i ons re s u l t ing in c e l l  death and 

bronch i o l i t i s  (Che v i l l e, 1 9 83 ) . 

Regard l e s s  o f  the a e t i o l o g y, destru c t i on of c i l i a, interc e l l u l ar 

oedema, s u b e p i t he l i a l c a p i l l ary d i l at a t i on and neutrophi l  e xu da t i o n  

through t h e  ep i t he l i um into the l umen a r e  feature s charac t er i s t i c  o f  

mo s t  forms o f  acute bronchio l i t i s . H i s tolog i c a l l y  and 

u l tra s truc t ura l l y, c i l i a  bre ak o f f and d i s appear from the surface o f  

e p i th e l i a l  c e l l s  and their anchors to b a s a l  bodies are d i sorgan i s ed 

(Dahl gren & Daln, 1 972 ; G iddens & Fairchi l d, 1 9 72 ) . When bronch i o l ar 

di s e a s e  pers i s t s, the c i l i a t ed c o lumnar e p i t he l i um undergo e s  

me t a p la s i a  and b a s a l  c e l l  hyperplas i a  whi c h  c a u s e s  a s tra t i f i ed 

squ amous e p i the l i um to de v e lop (Asmundsson ; et a l . 1 973 ) . 

Mucous c e l l hyperp l a s i a  o f  res p i r a t ory e p i the l i um accompani e s  

bronch i o l i t i s  i n  man and the dog . I n  a c u t e  inf l amm a t ion, mucus formed 

in e p i the l i a l  g o b l e t  c e l l s  and subep i the l i a l mucou s  g l ands f loods the 
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damaged ep i th e l i a l surface. I t  pro t e c t s  and pro v i d es the surface w i th 

a t e n a c i o u s  mater i a l  that , when e x pec torated , removes much o f  the 

debri s and i rr i t an t. In chro n i c  i n f lamma t i o n , mucous c e l l s  may 

und ergo m e t ap l a s i a  but s t i l l  re t a i n  their a b i l i t y  to form mucus 

( Mc Do we l l ; e t  a l. 1 97 9 ) . 

Bro n ch i e c t as i s , the d i l a t a t i o n  o f  a s egment o f  a bronchu s , 

res u l t s  from i n f l amma t i o n  o f  the wal l during chro n i c  puru l e n t  

bronch i t i s. The pro c e s s  rami f i e s  i n to the bronchio l i , and  the d i l ated 

ai rways are f i l l ed w i th mucopuru l e n t  e x udat e . The s urro u n d i ng lung 

P<;Jrenchyma c o l l apses and bron ch i a l w a l l s  are_ de_s troy�_cL _a n ct  _e v. e n t l.! a]. l y _  

reconstruc t ed b y  gra n u l a t i o n  t i s s u e  ( Che v i l l e , 1 9 83 ) . 

3.2 SEC RE TO R Y  CHANG ES 

One o f  the first e v ents 

sys tem is the e x u d a t i o n  o f  

i n  i n f l ammat i o n  o f  

f l u i d  through the 

the re s p iratory 

tracheobronch i a l  

epithe l i um i n to the a ir p a s s a g e s . Duri ng i n f lu e n z a-induced 

i n f l amm a t i o n  of the resp iratory tract in ferre t s , P o t t er ; � �· 
( 1 972 ) found that the pro t e i n  c o n t e n t  o f  re spiratory w as h i n g s  marked l y  

i ncreas e d. These s ecre t i ons were n o n spec i f i c  and con t a i n e d  re l at i ve l y  

l arge amo u n t s  o f  p l a sma pro t e i n s  whi ch i n  primary i n fe c t i o n , were 

mos t l y  a l bumin and g l obu l i n s. Howev er , u n l e s s  the a n i ma l  had 

prev ious l y  e x peri e nced the d i s e a s e , spec i f i c  a n t i bod y a c t i v i t y  was not 

seen i n  the i n i t i a l  outpo uri n g  of g lo bu l i n. Later , s pe c i f i c  a n t i b o d y  

act i v i t y  d i d  d e v e l o p  a n d  w a s  meas ured i n  the secret i o n s . 

Curta i n ; � a l . ( 1 9 7 1 ) a n d  L i e b erma n ; et a l .  ( 1 97 1 )  have  

demo n s tra t e d  that after i n fec t i o n , the resp iratory s ecre t i o n s  con t a i n  

h i gh c o n c e n tra t i o n s  o f  a n t i bod i e s  wh i c h  c a n  not b e  a c c o u n t e d  for o n l y  

b y  pas s i ve tra n s u d a t i o n  from p l a sma. Mos t  o f  the a n t ibod y ac t i v i t y i s  

assoc i ated w i t h  I g A. E x pe r i me n t a l  i mmuno f luore s c e n c e  s tu d i e s  

i nd i c a t ed that  I g A  a n t i bo d i e s  were produced both s y st em i ca l l y  a n d  

loc a l l y  b y  i mmunob l a s t s  a n d  p l a smac y t e s  i n  the l am i n a  propri a o f  the 

tracheobro n ch i a l  wal l  and secret ed through the e p i t h e l i um i nt o  the 

bronch i a l  l ume n ( Curt a i n ; et a l .  1 97 1 ; Lieberma n ; e t  a l. 1 9 7 1 ) .  

Whe n t h e s e  workers measured n a s a l  and l u n g  wash i n g s  for a n t i bo d y  

act i v i t y  and I g A  con ten t , t h e y' o b s erved that t h e s e  t wo fac tors were 

c lo s e l y  a s s oc i at ed. A l though I g E  appears i n  norm a l  tracheobro n ch i a l  

secre t io n s  o f  man , i t s  c o n c e n tra t io n  i ncre a s e s  i n  a l l erg i c  
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subj ects ( Boat  & Cheng , 1 980 ) . Bienenstock ; et al . ( 1 9 73 ) stud i ed 

the morpholog ical  features of  the bronch i al l ymphoid t i ssue  i n  a l arge 

number of mammals i nclud i ng man and r e vea led that  there is an  int imate 

assoc i ation  between the peri bronchiolar l ymphoid agg r egates and the 

over l y i ng e p i the l i um .  These i n vest i gators found that the ep i thel ium 

over l yi ng the lymphoid aggregates is  flattened , con t a i n s  no goblet  

cells , PAS  or AB  pos i t i v e  mat e r i a l  and  i s  hea v i l y  i n f i ltr ated wi th 

lymphocytes . 

The de fence mechan isms o f  the respi ratory secretion  also include 

nonspec i fi c  humoral  fac to�s such as  -lySbzy�es · and · r actoferri � -tfiat 

pour i nto the a i rways dur i ng early  i nflammation ( Ch e v i lle , 1 9 83 ) . 

Several  anti proteases that i nh i b i t  tryps i n , chymotryps i n  and leucocyte 

proteases appear to be secreted by ai rway tissues . These protease 

inhi b i tors may be important  protec t i ve agents when leucocyte pro teases 

are re leased i n  the course of  lung i n fect ion , smoking  or other 

inflammatory con d i tions ( Boat & Cheng , 1 9 80 ) . 

Pol ymorphonuclear leucocytes are the domi nant  ant imicrob i a l  

factors i n  the purulent e xudate of  bacter ial  i n fections  o f  the 

resp i r atory trac t . Browns t e i n  and Johnson ( 1 9 82 )  i n fected by nasal  

route normal and leucopen i c  mice  with Pseudomonas aeruginosa and 

obser ved the d i s appearance of bacteria  in both groups . Most bact e r i a  

wer e  c leared r a p i d l y  from the nasal c a v i t y  of  normal mice , whereas  

they  i n v ad ed the  n asal  cavi t y  o f  the  leucope n i c  ani mal s . 



SECTION 2 

M UCUS SECRETION I N  THE TRACHEOBRONCHIAL AI RWAYS 

1 . 0 I NTRODUCTION 

Airway secre t ions 

subs tances . Components 

are 

o f  

a comple x ,  heterogeneous mixture  

these  secre t ions are  elaborated 

1 6  

o f  

and 

mod i fieq b y  a number  of  mechani sms and at several levels wi t h i n  the 

ai rways . 

out to 

1 980 ) . 

I n  the absence o f  d i sease , sma l l  amounts of secretion spread 

form a t h i n  l ayer over the epithe l i al surface ( Boat & Cheng , 

Mucus has an  important  protec t i ve role in  the respi ratory  

system . In  acute inflammat ion , mucus formed in epi thel i a l  gob let  

ce l l s  and  subep i th e l i a l  mucous gl ands , flood s the  damaged epithe l i al 

surface . I t  protects and prov ides the sur face with the tenac ious 

material  that , whe n  expector ated , removes  much of the deb r i s  and 

irri tants which may be present  ( Che ville , 1 983 ) . 

Irri t at ion i ncreases mucus p roduction : argu i ng te leolog i c a l l y  

it  i s  presumed t h a t  t h i s  i s  t o  h e l p  i n  d i lution , trapping a n d  r emoval  

of nox ious vapour s  and  particulate  agents ( Reid , 1 978a ) . The presence 

of excess mucus has  an i r r i tant  e f fect o n  sensory nerve  endings , which 

induce the cough refle x , a highly  impor tant  mechan i sm for r e mo v i n g  

debris  ( Chevi l l e , 1 9 83 ) . 

Since exces s i ve production o f  mucus i s  found i n  several  d i seases 

and is  assoc iated with structural changes i n  the airways , the events  

of mucus secret io n  are  impor tant  both i n  health and d i sease . 

2 . 0  SECRETORY CELLS OF AIRWAY EPITHELIUM 

The cel l s  that secrete  mucous g l ycoproteins  are found in bot h  

the submucosal  glands and sur face epithelium ( Re id , 1 978a ) . 

Submucosal  glands  are of  much more s i g n i ficance than the mucosal  

goblet cells  i n  production  o f  mucus . I t  i s  estimated that  goblet  

cel l s  account for  only 1 or  2 %  of  mucus production in  the normal 
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tracheobronc h i a l  airways o f  man ( Du nn i l l , 1 982 ) . 

The u l t r as tructure o f  mucous c e l l s  o f  the surface ep ithelium and 

o f  submucosal  glands i s  simi lar . The cells are usua l l y  packed wi th 

secre tory granules  that are typ i c a l l y  electron lucent  and con fluen t .  

� . 1 MUCOUS CELLS OF SURFACE EPITHELIUM  

Mucous , serous and  Clara cells  have been ident i fied as secreto r y  

ce l l s  o f  ai r way epithel i um ( Jones & Reid , 1 978 ) . 

There  are  eight cell  t ypes recogn ised , whi ch together make up 

the surface ep i the l i um .  Add i tional l y , two migratory  c e l l s  and two 

neural elements may e i ther migrate  i n to or pierce the epithe l i a l  

basement membrane , respec t i vely  ( Je f fer y ,  1 98 3 ) . I n  mos t  mammal s , 

mucous cells  are present  throughout  the airways , wh ile  Clara  cells  are 

found only in intrapulmonar y regions , with the exception of the mouse , 

where the y  are found throughout the ai rways ( Table 1 . 2 ) . The frequency  

o f  these c e l l  types has been  establ i shed i n  the  rat ( Je f fe r y  & Reid , 

1 975 ) , hamster ( Kennedy ; e t  al . 1 978 ) , mouse ( Pack ;  e t  a l . 1 98 1 ) 

and sheep ( Mariassy & Plopper , 1 98 3 ) . 

mucous c e l l  represents  less  than 1 %  of 

cell popu lat ion , whi l e tot al  secretor y 

& Reid , 1 978 ) .  I n  h amsters , gobl e t  

tracheal e p i thelium ( Kennedy ; et  al . 

2 . 2  SUBMUCOSAL GLANDS 

-- --

the 

cells  

cells  

1 97 8 )  

In  normal r a t  airway , the 

total ai rway epithel i a l  

represent 2 0  - 27% ( Jones 

compr ise  about 39% o f  the 

. 

The submucosal  gland is  composed o f  tubules , each formed e i ther  

by mucous cel ls or by serous c e l l s , connected by  a duct system to the 

airway sur face ( Meyri c k ; et al . 1 96 9 ) . I n  humans , the secretions  

from d i s t a l l y  placed serous a c i n i  are  thus thought to pass through the  

lumen of  more  cen trally  p laced mucous tubules and  then i nt o  the  

col lect ing  duct where the ion i c  balance o f  mi xed secretions i s  

mod i fied ; its  tra n s fer  v i a  the c i l i ated duct , onto sur face epithelium 

then fol l ows ( Meyrick ; et a l . 1 96 9 ; Meyrick & Reid , 1 970 ) .  I n  

contras t , the submucosal  glands o f  the opossum often form tubules and 

ac ini  that  are d i s t al to mucous tubules and their  duct s . I n  the later  

case  the  hydrotic  cells  are thought to secrete copious  amount s  o f  

watery  fluid , whi ch presumab l y  i s  used b y  the respi ratory  tract  to 



TABLE 1 . 2 :  NORMAL SECR ETORY CELL TYPES OF THE SURFACE 

EPITHELIUM OF AI RWAYS ( J EFFER Y ,  1 98 3 ) 

ANIMAL SPEC I E S  C ELL TYP :S 
MUCOUS SEROUS CLARA 

HUMAN + FOETUS + 

MONKEY + - + 

DOG + - + 

CAT + - + 

PIG + - + 

cow + - + 

RAT + SPF + 

MOUSE + - + 

HAMSTER + YOU NG + 

RABBIT + - + 

GUINEA PIG + - + 

FERRET  + - + 

BIRD  + - -
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cool the body b y  i t s  latent  heat of evaporation ( Soroki n ,  1 965 ) . 

Man y nerve  fibres surround the secretory ac i n i  i n  the cat and 

human , and occas iona l l y  they pene trate  the acini  to l i e  i n  j u x ta 

pos i t ion to i nd i v idual  secretor y cel l s  ( Je ffer y ,  1 983 ) . 

The total volume and a i rway distr i bution of  submucosal glands  is  

species  related ( Je ffer y ,  1 98 3 )  ( Table 1 . 3 ) . Although the  cell  types 

of the g land have been wel l  descr ibed in the opossum ( Soroki n , 1 96 5 ) 

and human ( Meyrick  & Rei d , 1 970 ) , l i t t l e  i s  known of  the i r  morphology 

in other spec i es . 

The submucosal  g l ands are present  i n  a i rways that have 

carti lage . They l i e  in the submucosa e i ther between the car t i l age and 

the epithel i a l  sur face or be tween and occas ionally  e x ternal  to the 

p lates of car t i l age ( Jones & Rei d , 1 978 ) . 

3 . 0  GLYCOP ROTEINS  OF MUCUS 

Mucogl ycoproteins  are respon s i b l e  in large part for the major i t y  

of  hi stochemical  act i v i ty a n d  the gel ation  o f  resp iratory  mucus . 

The se g lycopro t e i ns are  secre ted by mucous cel ls  of  submucosal g lands 

and gob let c e l l s  o f  the sur face epithe l i um in the trachea and bronchi 

( Boat & Cheng , 1 98 0 ) . All  the  mammal i a n  epi thelial  g l ycoprotei n s  are 

similar  i n  compo s i t ion . A s i ngle pept ide cha i n  con s t i tutes up to 20% 

of  the molecule  by wei ght ( Rousse l ;  et � · 1 978 ; Boa t ; et al . 

1 976 ) . The bulk  of the molecule i s  made up o f  numerous 

oligosacchar i d e  chains , 20 or more  sugar residues in length 

( Roussel ; e t � · 1 975 ) , whi ch are attached to the pept ide region  b y  

0-gl ycosidic  l i nkages between N-acetylgal actosamine , and threo n i ne o r  

ser i n e . These ol i gosaccharide  cha i n s  con t a i n  five sugar s ; fucose , 

gal actose , N-acetylgalactosamine , N-acetylglucosam i ne and 

N-acetylneu r am i n i c  acid ( Robert , 1 97 4 ; Boat ; et a l . 1 97 6 ; Roussel ; 

et al . 1 978 ) . Cons iderable  heterogen e i t y  of  o l i gosacchar i d e  chains  

has  been  noted for g lycoproteins  from a s i ngle cellular  source  and 

some oligosaccharide  cha i n s  may be b ranched ( Rousse l ; et  a l . 1 975 ) . 

The spec i a l  rheologi c  features o f  bronchi a l  mucus a r i s e  from the 

epi thelial  acid g l ycoprote i n s . A g l ycoprot e i n  is  a conj ugated prot e i n 

in  which a pol ypeptide core i s  cov a l e n t l y  l i n ked to o l i gosacchar i d e  



• 

TABLE 1 . 3 :  SUBMUCOSAL GLAND DISTRIBUT ION THROUGHOUT 

TRACHEOBRO�CHIAL AI RWAYS ( JEFFERY , 1 98 3 )-

SPECIES TRACHEA BRONCHUS BRONCHIOLI  

HUMAN + +  + +  -

MONKEY + + ? 

HORSE + + -

PIG + +  + -

cow + +  + -

SHEEP + +  + -

DOG ++ + -

CAT + +  + +  + 

RABBIT + - -

GUINEA PIG - - -

FERRET + + + 

OP FOSUM + +  ++ + 

HAMSTER - - -

RAT + - -

MOUSE + - -

BAT ? + ? 

++ = ABUNDANT ; + : P RESENT ; - = UN IDENTIFIED ; 

? = UNKNOWN • 
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s ide cha i n s , often  branched , w ithout a repeating u n i t  and with a 

relati vely low proport ion  of  sugar residue s . Three g l ycoprote i n s  have 

been descr ibed in  mucus and are  designated s i alomucin , su lphomuc i n  and 

fucomuci n . Each con t a i n s  s i a l i c  acid  and the first two a l so con t a i n  

su lphate ( Reid , 1 97 8a ) . 

The type and pos s ib l y  the amount o f  g lycoprote i n  secr�ted b y  

airway mucosal  ce l l s  i s  controlled  b y  a s e r i es of  en zymes at the l e v e l  

of  biosynthetic mechani sms . Synthesis  o f  the polypeptide  portion  o f  a 

glycoprote i n  is  i n i t i ated i n  the rough endoplasmic reti culum . The 

fi rst  sugar or sugars are ad�ed in the rough or smooth endoplasmic  

reticulum , and  compl e t ion of  o l i gosaccharide  synthes i s  occurs  in  the 

Golgi apparatus . Growth of the o l i gos accharides i n volves  the 

sequential  trans fer  o f  indi vidual  sugars from sugar nucleot ides to the 

chai n .  These t r a n s fer reactions are  catalysed by a series  o f  e n zymes 

col lect i ve l y  c a l l ed the mut l ig l ycosyltransferase system ( Jento ft ; e t  

al . 1 97 6 ) . Each g l ycosyltrans ferase i n  the system requ i r e s  the 

prod uct of the p r e v ious en zymat i c  reaction as its sugar acceptor and , 

i n  turn , gene r ates an acceptor for another transferase . Av a i l ab i l i ty 

of  g l ycosyltrans ferase , as wel l as nucleotide  suga r s , at  any  p o i n t  

along the synthetic  pathway determines the sequence o f  sugars a n d  

length of  the saccharide  cha i n . Add i ti o n  o f  s i al i c  a c i d  t o  a sugar 

chai n  terminates chain  growth ( Car lso n ; et al . 1 970 ) . Sulphate 

ester is  transferred  from act i ve su lphate to sugar res idues on a l re ad y  

growing ol igosacchar ide chains  b y  sulphotransferases ( Silbert , 1 967 ) . 

Heterogeneity  o f  o l i gosaccharides on each g lycoprotein  molecule  i s  to 

be e x pected because of  this i mprecise synthetic mechan ism  ( Boat & 

Cheng , 1 9 80 ) . 

4 . 0  TYPES OF GLYCOPROTEINS 

The sec r e to r y  cells  o f  the r at a i r way surface may contai n o n l y  

neutral  g l ycoprote i n , a c i d  g lycoprotei n , or  a m i x tu r e  o f  both ( Jones ; 

et al . 1 973 ) . I n  the trachea and mai n bronchi o f  normal rats , most 

cel l s  contain  e i ther neutral  g l ycoprot e i n  or  neut r a l  m i xed with acid  

gl �coprotei n , whi le i n  the  i n tr apulmonary  airways most  con t a i n  a 

mi xtu r e  or acid  g l ycoprotein . After  i rritation , the regional  

di fference i n  the  secretory c e l l  type i s  lost  and there  i s  a shi ft i n  

the pattern o f  synthes is  i n  the e xtrapu lmonary a i r ways t o  i n cl ud e  mor e  

a c i d  glycopro t e i n  a n d  i n  t h e  i n t rapu lmonary  a i r ways to  i n c l ude more 
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neutral  secretion . 

Sturgess and Reid  ( 1 97 3 )  observed that a s t i mu lus to the 

secre tory  cell  population  of the a i rway may change the predominant  

type of  ac id  group . Isoprenaline  sulphate i ncreases both the absolute 

number  o f  cells cont a i n ing  acid  gl ycoprote i n  in rat a i r way 

and the proportion  of secretory cells  conta i n i n g  

gl ycoprote i n . 

epithel i um 

su lphated 

Changes in the predominant  type o f  acid glycoprot e i n  were a l so 

found i n  mucous cell.s i n  hypertrophied br:-onchia l_submuco.s.al _g lands-- in­

pigs with expe r i mentally  i nduced e n zoot i c  pneumonia ( Jones ; et  al . 

1 975 ) . Increase i n  gl and s i ze was accompanied b y  i n c rease i n  the 

proport ion of  area con taining  acid gl ycoprotein , with  r e l at i ve 

incr ease i n  the amount of s i al idase-sens i t i ve 

sulphomuc i n  gl ycoprote i n  and decrease i n  the 

sialomucin  type . 

s i alomu c i n  and 

s i a l idase-r e s i s tant  

Jeffery and Reid ( 1 977 ) have  stu d i ed ultrastructu r a l l y  the 

changes of secretory  cell  granules . I n  add ition to c e l l s  con t a i n i ng 

electron-dense granules ( serous ce l l s )  and those cont a i n i ng 

electron-luce nt granules ( mucous cells ) a cell with  " tran s i t io n a l "  

granules was observed . In  t h e  i r r itated a i r ways thes e  invest i gators 

found an i ncrease in the popu lation o f  the cell third type and they 

suggested that i rr i tation may cause a t r a n s i t ion from one  secretory  

ce l l  t ype to  anothe r ; from Clara  to  serous and  from serous to mucous . 

An i nd i vi d ual cell  can  qui c kly " switch on"  organ e l les  that lead 

to deve lopmen t  o f  a secretory cel l or  " switch over " from the 

product ion  of  one type secre t io n  to another . Thes e  changes a ffect 

both the or i g i n a l  population  and new  secretory c e l l s  that are 

de velopi ng as the result of  conversion or  m i tosis . On  withdrawal of  

the  st imulus these  steps  may  be  retraced , at  various speeds to achieve  

the  o r i ginal  s tate  ( Basker v i l l e , 1 976 ) . The swi tch back to  the 

origina l  gl ycoprotein  type seems particularly  fast and  i s  e v e n  shorter 

than the epithel i al replacement time ( Jones & Reid , 1 978 ) 

5 . 0  HISTOCHEM ICAL I DENTI FICATION OF GLYCOP ROTEINS 

Present knowledge of  the var ie t i es o f  glycoproteins  synthesi sed 
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b y  secretory  cell s i s  based on the i r  intracellular  ident i f ic at ion b y  

histochemical  techniques . Quant i ta t i v e  anal ys is  o f  gl ycopro t e i n  

stai n i ng h a s  added both to our understanding  of  the popu lation o f  

secretory  cells  with i n  an organ a n d  o f  i ts synthesis  with i n  a 

secretory  cell . No abnormal type o f  gl ycoprot e i n  is found i n  d isease , 

but ther e  may be a s t r i ki ng changes i n  the population o f  the var ious 

cell  types ( Jones & Rei d , 1 978 ) . 

Four major groups o f  i ntracellular gl ycoprote i n s  have been 

identi f i ed b y  his tochemical methods : ( 1 )  neutral gl ycoprotei n ,  ( 2 )  

s i a l i c  acid-s�ns i t i ve glycoprotein , ( 3 )  s i alic  _ ac i d -res i s t ant 

gl ycoprote i n  and ( 4 )  sulphated gl ycoprotei n  ( Jones & Reid , 1 978 ) .  

Histochemical l y ,  d i f ferences  i n  the o l i gosaccharide  s i de cha i n s  

of  the gl ycoprote i n  can  be i d e n t i fied . The per iodic acid-Sch i ff ( PAS ) 

react ion  stains  the sugar region  o f  gl ycoprote in , whi l e  Alcian  b l ue 

( AB )  stains  the acid  rad i cals  ( Jones , 1 978 ; Jones & Reid , 1 973b ) . 

Epithel ial  gl ycopro teins  may be e i ther s i a l yated or su lphated . At pH 

1 ,  AB stains only  the sulphated ester ; at pH 2 . 6 ,  i t  stains all  acid 

radical s .  Sialidase  d iges t io n  removes the sialidase-suscep t i b l e  

s i a l i c  a c i d  a n d  l e a v e s  behind t h e  res i stant  form . B y  s t a i n i ng a 

ser ies  of consecut i ve sections  w i th these techn i ques , the var ious 

types of  gl ycoprote i n  molecu les  with  or wi thout ac id  r ad i cals  can  be 

ide n t i fied ( Jones & Reid , 1 973a  & b ) . 

Quant i ficat i o n  has made i t  possible  to assess the proportion  o f  

tracheobronchial  g lands that make a g i ven type o f  g lycoprote i n  

molecule . I n  the case o f  goblet  cells  the n umber o f  secretory cells  

can  be counted and  re lated to the  total n umber  of  c e l l s  present • The 

various types o f  secretory c e l l s  can  be expressed b y  reference to 

either total  cel l s  or total secretory c e l l s  ( Reid , 1 978b ) . Lamb and 

Reid ( 1 972 ) have used poi nt counting  to f i nd the proportion  of the 

gland occup ied by var ious t ypes of cel l . 
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Glycopro teins  secreted by gobl e t  cel l s  appear to be more acid  

than the i r  counterparts  from submucosal  glands . Ana l y s i s  o f  

di fferences between labe l l ed glycoproteins  released b y  i n t act  and 

brushed dog tracheal e xplants have demonstrated that goblet c e l l  mucus 

is  r e lat i ve l y  enriched in so4-label led , compared with 

[ 3H ] -gl ycosamine-labe l l ed glycoprotei _ns ( Stahl & Ell i s ,  1 97 3 )_ ._ Thi s. 

observation suggests that the compos i t ion and perhaps also the 

propert ies of goblet  cell  mucus may d i f fer from gland mucus . However , 

direct  analysis  of  goblet  c e l l  secret ions " in situ"  i s  necessary  to 

confirm thi s . Sur face epi thelium has been removed from cat  and human 

trachea by e x posure to EDTA-conta i n i ng solution ( Tand ler ; et  al . 

1 979 ) . The epi thelium  c an be mai nta ined in  organ culture  for 24 or 

more hours , dur i ng whi c h  t i me label led precursors are i ncorporated 

into glycoproteins  that are subsequent l y  released onto the surface 

( Boat & Cheng , 1 98 0 ) . Thi s  techn ique should prov ide opportuni t ies  to 

co llect  and analyse gob let  ce l l  mucus , unt i l  futur e  s tud i es provide  

better  method s to isolate  goblet c e l l s  and  submucosal g land cells  

ind i v idua l l y  for  assessment of the i r  sec retor y funct ion and products . 

6 . 2  CHRONI C  LUNG DISEASE 

The a c i d i c  properties of secreted gl ycoprotei n s  also change i n  

several hypersecretory cond i t ions . Enlargement  of  the 

tracheobronchi al mucous gl ands , together with an i ncrease  in the 

number of  mucus-secreting cells  in the sur face epithel i um at  a l l  

levels a r e  t h e  character i s t i c  find i ngs i n  chronic bronchi t i s  o f  man 

( Dunni ll , 1 982 ) and e n zoo t i c  pneumo n i a  of pigs  ( Jone s ; et  a l . 1 97 5 )  • 

Glycoprote i n  precursors contai n i ng acid  r adicals are increased i n  

chronic lung d i sease . In  particular , those contai n i ng sulphate ester 

or s i a l idase-res is tant s i alic  acid  are increased i n  man and 

& i a l idase-sens i t i ve s i a l i c  acid are i nc reased in the  p i g  ( Lamb , 1 96 8 ; 

Jones ; et  al . 1 975 ) • 
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Sheep a r e  o f  spec i al economic  importance t o  New Zea land , and i t  

is gener a l l y  recogn i �ed t h a t  chro n i c  non-progress i ve pneumonia  ( �N P )  

is  o n e  of  t h e  mos t  prevalent  d i seases o f  sheep i n  this  coun t r y .  

Chron i c  non-progress i ve pneumo n i a  i s  a low mortal i t y , h i gh morb i d i t y  

disease  character ised by i n adequate wei ght gai n a n d  e xerc ise 

intolerance ( Al l e y ,  1 975a & 1 985 ) . Therefore , there has been a 

widespread attention  and interest  i n  this  d i sease . 

The pathogene s i s  and aetiology o f  pneumonia  i n  sheep has been 

comprehen s i vely  di scussed b y  Alley ( 1 975a ) and Dav ies ( 1 9 85a ) . The 

cur r e n t  s i tuat i o n  regard ing the cause or causes of GNP o f  young sheep 

i n  New Zealand i s  vague . Several agen ts have been i solated from c ases 

of naturally  occur r i n g  pneumo n i a  in young sheep ( Carter & Hun ter , 

1 970 ; Alley , 1 9 75b ; Davies  & Humphre ys , 1 97 7 )  ( Table 1 . 4 ) , but the 

aet i o logical  s i g n i f i cance of several of these organ i sms has not yet 

been determined . Experimental  reproduction  of the d i sease has been 

accompli shed b y  endobronchi a l  o r  i n t r anasal  inoculation  both of lung 

lesion  homogenate  ( Alley & Clarke , 1 97 9 )  and c ultures of M .  

ovipneumo n iae e i ther alone or comb i ned w i th Pasteurella  haemo l yt i ca 

( Al l e y  & Clarke , 1 979 ; Gilmour ; et al . 1 979 & 1 982 ) , P I 3  virus  

( Dav ies ; et al . 1 98 1 b ) , o r  adenov irus  ( Davies ; � a l . 1 982 ) . 

The role o f  these organ i sms , alone or i n  comb i nation  as a cause 

of  GNP of  lambs in New Zealand wi l l  be the subject of thi s r e v i e w .  



TABLE 1 . 4 :  ORGAN I SMS COMMONLY ISOLATED F ROM NORMAL AND 

PNEUMON I C  LUNGS OF YOUNG SHE E P  I N  N EW Z EA LA N D  

ORGAN I SMS TYPE OF S ITE OF R EF E R E N C E  

PNE UI1 0 N I A  I SOLATION 

MYCOPLASMAS 

M .  ov i p n eumo n i ae C N P  LT C l a rke ; et a l . ( 1 97 4 )  - -

� ar g i n i n i  " LT " " " 

GRAM N EGAT I V E  BACTE R IA 

� haemo l yt i ca " LT A l le y ,  ( 1 97 5 ) 

N .  c a t a r rha l i s  " LT " " 
-

E .  co l i  " LT 11 " 
- --

B .  p a r ap e r t u s s i s  " LT Manktelow ( 1 9 8 4 )  

GRAM POS I T I V E  BACTE R I A  

staphyloccoci 11 LT A l ley ( 1 97 5 ) 

streptocco c i  " LT " " 

Cor ynebac t e r i um s p . " LT " " 

V I R USES 

Par a i n f l uen za type 3 A P  NS Carte r  a n d  H u n t e r ( 1 97 0 ) 

Ade n o v i rus NORMAL NS , LT ,  D a v i e s  a n d  Humph r e ys ( 1 977 ) 

FAEC ES 

DEF I N I T ION OF ABB R E V I AT IONS 

CNP = CH R O N I C  NON-PROG R ESS I VE PNE UMONIA , L T =L U NG T ISSU E , 

NS= NASAL SECRETIONS , A P =ACUTE PNE UMONIA • 

• 
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2 .  0 DEFIN I T ION 

The commo n forms o f  pneumo n i a  of sheep in New Z e a l and m a y  b e  

d i v ided i n to t w o  d i s t i n c t  patho lo g i c a l  and e p i demi o l o g i c a l  e n t i t i e s ; 

an a c u t e  p n eumo n i a  a ffec t i n g  sheep o f  a l l  ages ( Sa l i s bu r y ,  1 9 5 7 )  and  a 

chr o n i c  o r  subac u t e  pneumo n i a  con f i ned to l amb s aged 3 

( Al l e y ,  1 975 a ) . Acute pneumo n i a  i s  cha r a c t e r i s e d  

1 0  mon ths 

by i n t e n s e  

con ges t i o n , a l v e o l a r  haemo r rhage , f i b r i n o u s  e xudat i o n  and v e n t r a l  

conso l i d a t i o n  o f  b o t h  l u ng s . S a l i sb u r y  ( 1 95 7 )  i nv e s t i g ated o u t b r eaks 

o f  acute pneumo n i a  in  New Z e a l and and found that the d i s� a s e  a f fected � .. q • • �� -

adu lt s  a s  we l l  a s  young s tock and was o ft �  __ _ a s s oci a t ecL_ with _ _  a_ _ 

pred i spo s i ng e n v i ronment a l  s t r es s . Chron i c  n o n -prog r es s i ve p n e umo n i a  

i s  cha r a c t e r i s e d  b y  v ar y i ng d e g rees o f  d u l l  red to g r e y  con so l i d a t io n  

o f  the a n t e r i o r  l o b e s  ( Al l e y , 1 9 75a & b ) .  A l l e y  ( 1 97 5 b ) d i v i d e d  C N P  

i n to fou r  c a t e go r i es o n  the bas i s  o f  t h e  g r o s s  and h i s t o l o g i c a l  

appe a r a n c e  o f  the l e s i on s . Chron i c  and subacu t e  pneumo n i a  i s  

w i d e s p r e a d  throughout New Z e a l a n d  and m a y  somet i mes a f fec t  u p  t o  7 0  to 

80% o f  some g r o ups of l amb s b e i ng s l aughtered d u r i n g  the M a r c h  to May 

pe r iod ( Al le y ,  1 9 75a & b ) . Mor t a l i t i e s  a t t r ibutable d i r e c t l y  t o  C N P  

a r e  l o w  ( Al l e y , 1 97 5 a ) .  

I n  the U n i ted K i ngdom , a chro n i c  pneumon i a  o f  l amb s , s i m i l a r  to 

C N P  but termed a t y p i c a l  p neumon i a  t o  d i s t i ngu i s h  it from the acute 

e n zoo t i c  pneumo n i a  has b e e n  r ecogn i s ed for more t h a n  t wo d ec ad e s  

( Stamp & N i s be t , 1 9 6 3 ) . 

E x pe r i me n t a l  r e p ro d u c t i o n  o f  the d i s e a s e  has b e e n  accomp l i shed 

by the endobr o n ch i a l  i nocu l a t i o n  both of pneumo n i c  l ung homo g e n a t e s  

( Al l e y  & C l a r k e , 1 979 ) and  o f  c u l t u r e s  o f  M .  o v i pn eumo n i ae e i th e r  

a l o n e  o r  comb i ned w i t h  � h aemo l y t i c a , w i th a n d  w i thout � a r g i n i n i  

( Jones ; e t  a l . 1 97 8 ; G i lmour ; e t  a l . 1 9 79 ) and a l so w i t h  c u l t u r e s  

o f  P I 3  v i r u s  

1 9 8 1 a ) . 

comb i ned w i t h  P .  haemo l yt i c a  ( Da v i e s ; e t  a l . 

• 

1 977 & 
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3 . 0  POSSI BLE ROLE OF MYCOPLASMA OVIPNEUMONIAE 

Thi s  organ i sm was o r i g i n a l l y  i so l ated in Queens land , Aus tral i a  

by St . George ; e t  al . ( 1 97 1 )  and later  characteri sed by Carm ichae l ; 

et  al . ( 1 972 ) . I n  a seri es  of  e x pe r i ments by these authors ,  nearly 

a l l  the an imal s infected with M .  ovipneumo n i ae b y  var ious method s 

subsequently  showed mi croscop i c  e v ide nce o f  a pro l i ferative  

i nters t i t i a l  pneumon i a . Macroscopic  les ions occurred in  just  over 

hal f  o f  all e xperimental  anima l s  ( St .  George ; e t  al . 1 97 1 ; 

Sul l i van ; et a l . 1 97 3 a  & b ) . However , recovery o f  mycoplasma from 

e xper i mental a n i mals was achi e ved o n l y  i n  prel iminary e xpe: i ments ( St .  

George ; et  al . 1 97 1 ) .  I n  Scotl and , Fogg ie ; e t  al . ( 1 976 ) obtai ned 

s imilar results  whe n  spec i f i c  pathogen-free  lambs ( SPF ) were 

inoculated with M .  ov ipneumon iae  and they recovered the organi sms from 

al l i n fected but  from no control animal s . In  transmi s s ion  e x periments 

in New Zealand, Alley and Clarke ( 1 97 9 ) found the M .  o v ipneumon iae  

prod uced focal  and early  pneumo n i c  lesions  when i noculated 

i ntranasa l l y  into  a group of convent ionally  reared lambs , but the 

organi sms failed  to produce lesions  similar  to the natural  d i sease . 

Stra i ns o f  M .  ov ipneumo n i ae i so l ated from sheep a ffected with 

" atypical " pneumonia  were i nocu lated e ndobronch i a l l y  i nto 

conventiona l l y  reared and SPF lambs by Gi lmour ; et a l . ( 1 979 ) . These  

investigators observed changes resemb ling  those o f  the  naturally  

occurring d i sease  i n  about 50%  o f  convent ion a l l y  rea red a n i mals  g i ven 

� ov ipneumo n i ae alone . Similar  but e x tens i v e  changes were seen i n  

SPF lambs . I n  thi s  s t udy , � o v i pneumoniae  organisms were recovered 

from the major i ty of  i noculated l amb s . Nevertheless , Dav ies ; et al . 

( 1 9 8 1 b )  found that whe n  SPF lambs were i n fected with � ovipneumon i a e  

alone , no gross lesions  o r  h i stolog i c a l  changes were produced i n  the 

lungs . 

The e ffect of  pen i c i l l i n  o n  CNP  transmitted b y  hemogenates o f  

affected lung of  C N P  i n  conven t i on a l l y  reared lambs was i nvest i gated 

by Alley and Clarke , ( 1 980 ) . A lthough pen i c i l l i n  marked l y  dimi n i shed 

the seve r i t y  of  les ions  in thi s  stud y ,  it did not prevent  e i ther  

colon isat ion o f  the l ung b y  M .  oyipneumon iae  or the  development of  

locali sed m i n i mal l e s i on s  that  had  some features o f  the  natural  

disease . Late r ,  Jones ; et al . ( 1 982a )  compared a suspension  o f  

ampi c i l l i n  treated pneumo n i c  lung t issue prepared from natu r a l l y  

occur r i ng cases  of chronic  pneumon i a ,  with a mixture  o f  s i x  c loned 
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stra i n s  o f  M .  ov ipneumon iae  for i t s  pathogenicity i n  both SPF lambs 

and conven t ional l y  reared lambs . All  the animals used i n  thi s s tudy 

were treated for  the f i r s t  three days o f  the  e xper i ment with 

ampi c i l l i n . The f i nd i ng in  both g roups o f  the animal s were simi lar 

and M . ov ipneumoniae  was  the o n l y  organ ism recovered  from the 

respi r atory tract  of i n fected a n i mals  but was not recovered from the 

control  group . However , h i s topatholog ically  confi rmed prol i ferat i ve 

exud a t i ve pneumo n i c  lesions were seen  i n  50%  o f  the l ambs rece i ving 

pneumo n i c  lung t i ssue ; compared with  only  2 1 %  of those rece i ving  � 
ovipneumon iae . The author s  sugges ted that despite the  use  o f  m i xed 

cloned strains  cultured - i n  suspen s i on - -at- - 4fl 0-c ;- - -s-om-e- degree of  

attenuation o f  the  mycoplasma had occurred , e i ther b y  s elect ion for 

avirulent  str a i n s  in the act o f  i solation  on ar t i f i c i a l  medium , or 

dur ing  subculture . Alley and Clarke ( 1 979 ) also found  pneumon ic lung 

homogenate to be more  pathoge n i c  than a low passage strain  of M .  

ovipneumon i ae .  Recen t l y ,  Thorns  and Boughton ( 1 980 ) have shown that 

low passage s t r a i n s  of Mycoplasma bov i s , but not high passage strains  

induced a systemic response i n  mice i noculated i nto the mammary 

gla_nd s . 

More  recently  Buddl e ;  et  a l . ( 1 984 ) compared the v i ru lence o f  

five  strains  o f  M .  ov ipneumo n i ae i n  the mouse mammary gland . They 

found that the three most v i ru l e n t  M .  ovipneumon i ae i solates were 

i n i t i a l l y  recovered from pneumo n i c  o v i n e  lungs . The v ar i at ion i n  the 

abi l i ty o f  �· ovipneumoniae i so l ates to i nduce mas t i t i s  ind i cated 

v ar i at ion i n  the v irulence for the mouse . If there i s  a s imilar  

var i a t ion i n  v i ru lence i n  the  sheep  respiratory trac t , then  thi s may 

explain  the i ncon s i stent production  o f  lesions with  pure culture of 

the agent obt a i ned in some s t ud i e s  ( Fogg i e ; et al . 1 97 6 ; Jone s ; et  

al . 1 978 ; Alley  & Clarke , 1 979 ) . 

The suggestion b y  Al ley  and Clarke ( 1 98 0 )  that bacter i a  are  an 

essential factor  in  the pathogene s i s  o f  moderate and severe forms o f  

C N P  i n  lambs , was refuted b y  Jone s ; et al . ( 1 982b ) , who found that a n  

inocu lum whi ch contai ned n o  demonstrable  organ i sms other than M .  

ovipneumoniae prod uced pneumo n i c  lesions  i n  both SPF and 

conventional l y  reared lamb s . However , their  i noculum contai ned a 

var iety  o f  strains  o f  M .  o v ipneumon i ae . Jones ; e t  a l . ( 1 976 ) have 

descr ibed sero log ical  d i f ferences  between M .  ovipne umon i ae i solates , 

so that var i a t ion i n  pathogen i c i t y  mi ght be expected to occur . The 
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var i a t ion in the n ature and sever i ty o f  lesions  produced 

exper imen t a l l y  with M .  ovipn eumon iae  a lone by several workers tends 

to support this hypothes i s  ( Su l l i van ; e t  al . 1 973b ; Foggie ; et  �· 

1 976 ; All e y  & Clarke , 1 979 ) . I n  cons idering these resu lts  the f i nd ing  

b y  Jones et al . 1 97 6  & 1 982b o f  d i fferences in  pathogen i c i t y  o f  M .  

ovipneumon i ae i solates may b e  wel l pert i nen t . 

The results  o f  these experiments  have sugges ted that M .  

ov ipneumo n i ae alone may b e  capable o f  produc i ng chro n i c  pneumo n i a  i n  

young sheep , but under natural  con d i t ions , i nteraction  with  other 

pathogens  normal l y  occur s . 

4 . 0  POSSIBLE ROLE OF PASTE URELLA HAEMOLYTICA 

Although Pasteu r e l l a  haemolytica  has been  commonly  associ ated 

with an acute fibr i nous p neumo n i a  ( Sa l i sbur y ,  1 957 ) . Alley  ( 1 975a  & 

b )  found that i t  was a l so the mo s t  common bacte r i um recovered f rom the 

nasal  cav i t i e s  and lungs  of sheep w ith n aturally  occur r i n g  CNP . 

Expe r i mental  reproduction  o f  p neumo n i c  lesions  i n  con vention a l l y  

reared lambs with P .  haemol yt ica  a lone h a s  not been u n i forml y 

successfu l  and requ i res  l arge doses  o f  i noculum ( Stamp & Nisbet  1 96 3 ; 

Biberstei n ;  et al . 1 967 & 1 97 1 ; Dav i es ; et �· 1 98 1 a ;  b & 1 982 ) . 

Davies  et al . ( 1 98 1 c )  found  that the number  o f  bacter i a  recovered 

from inoculated lungs  tended to i ncrease between  0 and 4 hr 

post-i noculation  and then decli ned rapidly  over the next 8 hr . Thes e  

authors found that t h e  r ate o f  clearance was ex tremel y  var i able  and 

v iable bacte r i a  were recovered from a n imals u p  to 72 hr 

post-i noculation . Nevertheless , P .  haemol yt ica  organi sms persi sted 

and proli ferated to produce m i ld to moderate  exudative pneumo n i c  

lesions  i n  some conventionally  reared animals  ( Davies ; et  al . 

and more severe lesions  i n  SPF  lambs ( G i lmour ; _e_t _a_l . 

1 98 2 )  

1 97 5 ) • 

Occasion a l l y ,  prol i fe r a t i ve e xudati ve lesions  were produced i n  some 

SPF lamb s  by f. haemo l ytica  alone and this was thought to be due to a 

less  spec i fi c  response  b y  SPF lambs to the bacterium compared w i th 

convention a l l y  reared sheep ( Gi lmour ; et �· 1 979 ; Jones ; e t  al . 

1 982b ) • •  

Although i t  has  been  proved that P .  haemolytica  a lone  i s  

capable of  produci ng e xudati ve pneumon i c  lesion s , i t s  role  as  a 

primary aetiological agent i n  CNP  i s  doubt fu l  because o f  the v e r y  
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large number o f  organ i sms requ i red to establ i sh an i n fect ion . 

5 . 0  POSSIBLE ROLE OF VIRUSES 

Par a i n fluenza  type 3 v irus ( Carter  & Hun t e r , 1 970 ) and 

adenov irus  ( Davies  & Humphreys , 1 977a ) are the only  v i ruses i so lated 

from pneumon ic les ions of  sheep in New Zealand to date . There is a l so 

serolog ical  ev idence of RSV presence i n  l amb s in New Zea land ( Davies , 

1 9 85b ) P I 3  and adenovirus have  been used alone or i n  comb i nat ion w i th 

other microb i a l  agen t ( s )  to produce e xper imental pneumo n i c  l e s ions . 

5 . 1 OVINE ADENOVIRUS 

Two stra i n s  o f  adenovirus  were o ri g inally  i solated  from a flock 

of  lamb s by Davies and Humphreys ( 1 977a ) . The i so l a t ion  cou ld not be 

cor r e l ated with  the development  of any observed resp i r atory d i sease in 

indi v idual ani ma l s  in the flock . Dav ies ; et al . ( 1 9 80 ) rel ated the 

appearance o f d high  level of pneumon i a  in  s laughtered lambs to 

serolog ical  ev idence of i n fection  with  adenovirus i n  a f lock of lamb s . 

Although no causal r elat ionsh i p  could be established from the i r  data 

they suggested that thi s v irus  may have a role i n  the  development of 

ovine  pneumon i a  • 

Experimental i noculation  o f  adeno v i rus alone i n to a group o f  SPF 

lamb s  produced areas of epithe l i a l cell p r o l i ferat ion a nd 

con so l idat ion o f  lung t i ssue ( Da v i e s  & Humphreys , 1 977b , Davies ; et 

al . 1 982 ) , however , the v i rus failed  to produce a l e s ion  s i mi l ar to 

that of CNP . 

5 . 2  PARAI NFLUENZA TYPE 3 VIRUS 

Although the New Zeal and s t r a i n  o f  ovine P I 3  v i rus  was 

o r i g i n a l l y  i solated from cases  o f  m i ld enzootic  p neumon i a  ( Carter  & 

Hunter , 1 970 ) , i t  fai led exper i men t a l l y  to produce pneumonic  l e s ions 

when i noculated alone i nto a group o f  l ambs ( Davies ; et  al . 1 98 1 a ) . 

However , Hote and Stevenson ( 1 969 ) i n  Scotland and Cul t i p  and Lehmkuhl 

( 1 9 82 ) i n  the USA success fu l l y  produced lesions  by exper i mental 

i n fection  of lambs with PI3  alone . The mai n  featur e s  descr i bed in  the 

expe r i mental d i sease were s imilar  to uncomplicated n atural  cases of 

mild acute pneumoni a . Pos t- mortem e x aminat ion of  the lungs r evealed 
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multi focal areas o f  consol idat ion in  a l l  lobes . These  areas were 

character ised  microscopically  by bronch i o l i t i s  and i nter s t i t i al 

pneumo n i a  ( Hare & Stevenson , 1 969 ; Cult i p  & Lehmkuh l , 1 982 ) . Lesions  

prod uced experiment a l l y  b y  o v i ne PI3  virus  are typically  an acute t ype 

of  lesion , thus the e v idence that P I 3  v irus  i n fection on i t s  own as  a 

major cause of CNP i s  not  strong . 

6 . 0  EVIDENC E  FOR MULTIFACTO R I AL AETIOLOGY 

6 . 1  VIRUS AND P .  HAEMOLYTICA 

Expe r i mental r eproduction  of pneumon i a  in sheep by i noc u la t i ng 

P .  haemolytica a lone  i ntranas a l l y  or i ntrat rachea l l y , as di scussed 

prev ious l y , has not been s a t i s factor y . Therefore ,  a pred i s po s i ng 

agent may be nece s s a r y  for P .  h aemolytica to become establi shed i n  

the l ungs and cause d i s ease ( Bi be r ste i n ; et  al . 1 967 ) . I n i t i a l  

attempts to prod uce pneumoni a by i noculating l ambs with P I 3  v i r u s  and 

P .  haemolytica  were made b y  Biberste i n ; e t  al . ( 1 97 1 ) • 

Subsequen tl y ,  it  was s hown that animal s i noculated with P I 3  v i rus  

( Dav ies , 1 977 ; Sharp ; et al . 1 978 ; Dav i es ; et  al . 1 98 1 b  & 

c ) , bovine syncytial  v i rus ( al -Darraj i ;  et  al . 1 982 ) , adeno v i rus 

( Belak ; et al . 1 976 ; Dav i e s ; e t  al . 1 98 2 )  and reov irus  ( Bel ak ; 

et al . 1 974 ) were mor e  susceptible  to i n fect ion with  P .  haemo l y t i c a  

i f  t h e  bacteria  w e r e  i noculated late  i n  t h e  course of  the v i rus  

infect ion . The r e s u lt s  of  these exper i ments  have shown that  v i ruses  

enhance the pathogen i c i ty o f  P .  h aemolyt i c a  and that the  comb i ned 

i n fect ion was associ ated m a i n l y  with the development of  a n  acute 

necrot i s i ng type of les ion resembl ing  e n zoot i c  pneumoni a .  

Ovine PI3  v i rus  i s  the v i rus  that has been e x amined mos t  

inten s i vely  a s  a pred i spos i ng agent ( Davies , 1 977 ; Sharp ; e t  al . 

1 978 ; Dav ies ; et  a l . 1 98 1 b  & c ) . I n  SPF  lambs , h i stologica l l y , the 

lesions  prod uced fe l l  i nto two categor i es : a n  acute necrotic l e s ion  

and  a milder , purulent  bronchopneumo n i a  ( Davies ; et  al . 1 98 1 c ) . 

Rushton ; et  al . ( 1 9 79 ) and Sharp ; e t  al . ( 1 978 ) observed 

occasiona l l y  milder• chroni c  pneumon i c  les ions co-e x is ted w i th the 

necrot i si n g  lesions . These observations  prompted these author s  to 

suggest that there may be  long-lasting  e f fects of the comb i ned 

infect ion and that there  may the r e fore be  a role for v iruses in the 

aetiology of  subacute  and chroni c  pneumon i as . 
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6 . 2  MYCOPLASMA OVIPNEUMONIAE AND P .  HAEMOLYTICA 

The organ i sms most commo n l y  associ ated with CNP are M .  

ovipneumo n i ae and P .  h aemo l yt i c a  ( Al l e y , 1 975a ) . Inoculation o f  

conven t ional l y  reared lambs with  lung lesion homogenates from 

natur a l l y  occurr i ng cases , o r  with  cultures of  M. o v i pneumoniae and 

P .  haemo l yt ica  have produced l e s ions  ind i s t i nguishab l e  from CNP i n  

most an i mals  ( Alley  & Clarke , 1 97 9 ; Jones ; e t  al . 1 978 ; Gi lmour ; 

et � ·  1 979 ) . In  contr ast , with  S P F  lambs onl y ,  a s m a l l  proportion  

de veloped chroni c  pneumon i a  when . i noculated with M .  ov ipneumoni ae and 

P .  haemolytica  and the extent o f  the les ions i nduced was s l i ght 

( Gi lmou r ; et al . 1 97 9 ) . Since  the reason s for thi s  were not clear  

Jones ; et � ·  ( 1 982c ) re-investigated the  suscep t i b i l i t y  o f  SPF 

lambs to i n fection with these organ i sms . They used an i noculum 

composed a mi xture o f  s i x  str a i n s  o f  M .  ov ipneumoniae  to e xclude the 

possibi l i ty that strains of low v i rulence had i n i t i a l l y  been used . 

Prol i ferative lesions  s i milar  to chronic  pneumoni a  were found i n  a l l  

the S P F  lambs i nocu lated with these two organi sms . 

Davies ; et al . ( 1 9 8 1 b )  i nfected SPF l ambs with P .  

haemo l yt i c a , M .  o v i pneumoniae  and PI3  v i rus i nd i v idually  

combination . No gross or h istolog ical  changes i n  the lung of  

and  in  

lambs 

inoculated wi th M .  ovipneumon i ae were detected . Where  i nfection was 

estab l i shed , i t  had minimal e f fect  on the course of i n fection with 

e i ther PI3  v i rus or P .  haemolytica . However , infect ion  with e i ther 

PI3  v irus  or f·  haemolytica  did not i n fluence the course o f  in fection  

with M .  ovipneumon iae  ( Davies ; et  al . 1 98 1 b ) . 

7 . 0  CONCLUSION 

The l i terature i nd i cates that the aetiology of CNP in sheep i s  

likely  t o  be compl e x . Both expe r i mental  stud i es and the i n vestigation  

o f  natural  di sease  have s hown that  M .  ov ipneumon i ae and P .  

haemo l yt i c a  are l i ke l y  to be major pathogens  al though i t  i s  d i fficult  

to  repr�duce the d i sease  e xperimentally  with pure c ultures  of  these 

organ isms . Viruse s , par ticula r l y  PI3 have been shown e xper iment al l y  

to be t r iggering agen t s  for bacterial  i n fection but the e vidence for 

the i r  i n vo l vement in the natur al  d i sease i s  not strong . 
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The i ncon s i stent results  obta ined i n  some exper i mental s tud i e s  

using M .  ovipneumo n i ae wer e  perhaps due to variation i n  v irulence o f  

mycop lasma isolates  o r  the use  o f  l abor ator y attenuated strai n s  o f  the 

organ i s ms . 

The other organisms isolated from pneumo n i c  lesions appear to be 

of  l i t tle  s i gni ficance and they are probabl y  opportun i s t i c  i nv aders  • 

• 
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SECTION 4 

TRACHEAL ORGAN CULTUR E  

1 . 0 I NTRODUCTION 

The use of organ culture to provide a d i fferent i ated epi the l ium 

for observation of  the i n teraction  between microb i a l  agent and host 

cel l  has only  recently begun tQ be  e xp lo i  t.ed � Organ._culttll::EL m a)L _ _ b e _  
descr i bed as the mai ntenance of  complete rudiments  o r  fragments o f  

organs i n  a v i able , d i fferenti ated , funct ional  cond i t ion  i n  a nutr i e n t  

med ium  i n  v i tro ( Col l ier , 1 9 79 ) . Although cell  di vi sion  takes p lace , 

the s tudy of  growth , i n  the sense  o f  cell  mu ltiplicat ion , i s  seldom 

the pr imary obj ect  of the t echni que ; rather , the method is designed 

to provide  an environment whi c h  permits  d i f ferent i at ed t i ssues to 

exerc i se the i r  normal func t ions  under the c lo s e l y  controlled  

cond i t ions obtai nable . Once  thi s has been  achieved for a g i ven 

tissue , all  kinds of  e xper i ments  become possible which  could not be 

unde r t aken in v i vo ( Fel l ,  1 976 ) . 

The practice  of  i n  v i tro c u l ture e x tend s back a s  early  as 1 85 9  

and has  been i n s trumental i n  the  advancemen t  o f  knowledge i n  the areas 

of emb r yology , endocr i nology , pharmacolog y ,  genet i c s , carcinogene s i s  

and i n fec t ious d i sease ( Hodges , 1 976 ) . The emp loyment o f  organ 

culture to study the e ffect s  of i nfectious  agents on  host t i ssue was 

begun in 1 9 57 when Bar ski ; e t  al . ( 1 9 57 ) & ( 1 959 ) used c ultures of 

human and simian  t i ssues o f  the bronchi a l  and tracheal  l i ni ng to s tudy  

the  e f fect of  pol iov irus and  adeno v i ru s  o n  respi ratory c i l i ated 

epi the l i um . Hoorn & Tyrrell  ( 1 9 6 5 ) used or gan culture to e x amine the 

effects of  respir atory viruses  on  tracheal epi thel i um . Since  these 

fi r s t  reports many i n fectious agents have been studied  in organ 

cultures from many d i f ferent host t i ssues . Tracheal organ cultures i n  

par t i cular have proved e xtremely usefu l  i n  s tudying the pathogene s i s  

o f  r9spiratory microb i a l  i n fe c t ions  ( Col l i e r , 1 979 ) . 

For s tudies  u s i ng organ c ultures to be  mean i n g fu l , at least  two 

cr i t e r i a  must be met . Fir s t l y , the c ultured host t i ssue  mus t  be able 

to be maintained in  a s tate of  normal s tructure and funt ional act i v i t y  
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throughout the durat ion  of the experiment .  Second l y ,  the response to 

the i n fectious agent b y  the cultured t i ssue in v i tro must be 

substan t i a l l y  the same as  the response of the target ti ssue i n  the 

natural d i sease in v i vo ( Fe l l , 1 976 ) . 

2 . 0  METHODS OF O RGAN C ULTUR E  PREPARATION AND MAI NTENANCE 

Three main  types of technique have evol ved over the l a s t  two 

decades and although a l l  are currently  i n  use the l iqu i d  med ium 

techni que i s  mor e  popular  than the other s .  

2 . 1  CULTU RE OF TISSUES ON  SOLID SUBSTRATES 

The culture  of t i s sues on the sur face of  a med ium was first  

i ntroduced by Strangeways and  Fell  ( 1 926a & b )  and  developed b y  Fell  

and  Robison ( 1 929 ) .  I n  this  techn ique o rgan e xplants are p laced on  

the  sur face o f  a coagulum of  p l asma and  embryo e xtract . The plasma 

clot i s  formed in a watch-glass which  rests  on a layer of cotton wool 

i n  a petri d i sh , the central  area o f  the cotton wool b e i ng cut  away to 

allow trans i l lumination for observation  purposes . The cotton wool i s  

mo i s tened with d i st i l led water t o  prevent excessive  e vaporation  of  the 

med ium dur i ng i ncubation . The petr i  d i s h  l id is not sea led and there 

i s  free gaseous exchange with the a i r  which  results  in a n  i n i t i a l  

al kal i n i ty o f  the med i um . Gai l lard  ( 1 9 5 1 )  used par affin  w a x  to seal  

the embryological  watch-glass so that carbon d ioxide  accumu lated thus 

reducing the i n i t i al alkaline pH of  the med ium . 

The plasma clot method has several  limi tations and i s  not used 

nowadays i n  its or i g i nal  form . Ther e  are two main  d i s ad vantages . 

Firstly , the d i gest ion and l ique faction of  the p lasma clot  occurs 

almost invariably  in the v ic i n i t y  of the t i ssue e xplants . Secondl y ,  

the med ium cannot be changed without transplant ing the cultures  and 

adequate samples o f  med ium can  not be  removed or chemic a l s  added to 

the system . Some of  these d i fficulties  have been overcome b y  Wol ff 

and Haffen ( 1 952 ) who i ntroduced the concept o f  med i a , sol i d i f i ed with  

1 %  agar and  Rumery and Balndau ( 1 9 7 1 ) have further mod i fi ed this  

system . The agar-medi um s ystem has  the  advantage o f  not undergo i ng 

l i quefact ion and has properties  whi c h  minimi se c e l l u lar  outgrowth . 

Tissues grown on agar substrates tend , however , to contract  i nto a 

len t i cular form becoming encaps u l ated by a layer o f  c e ll s .  The 
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resu l t i ng increased thickness of  the explan t and r eorgan isation  o f  

ti ssue structure c a n  b e  detr imental  t o  the culture ( Hodges , 1 976 ) . 

2 . 2  C ULTURE OF TISSUE ON FLU ID  MEDIUM 

The adequate sampling and analys i s  of  med i a  i s  d i fficult  i n  the 

so l i d  substrate system and l i mits the b iochemical  study of organ 

culture s . Furthermore , problems of  adequate di ffus ion  of metabol i tes ; 

of  local exhaust ion of  med ium ; and o f  accumulat ion o f  was te products 

in the immed iate  v ic i n i ty of the t i s sue e xplants , are accentuated in 

thi s  system . These  l imitations led to the developmen t  of the fluid 

med ium s ystem ( Hedges , 1 976 ) . 

Attempts to grow t i ssues on  a fluid med ium wer e  first  made by 

plac i ng explants  on "rafts"  of lens paper ( Chen , 1 95 4 ) or  of 

s i l i co n i sed rayon fabr ic ( Shaffer , 1 95 6 )  which  were then floated on 

the sur face o f  the med ium . Trowel l  ( 1 9 5 4 )  introduced the "grid"  

techn i que , whereby  tissue  explants placed o n  expanded stainless  steel 

platforms s t and ing in  smal l , flat-bottomed di shes , whi c h  were 

incubated in  sealed and humid 

evaporation o f  the medium . 

chambers  to p r event exces s i ve 

2 . 3  CULTURE OF TISSUE SUBMERGED I N  FLUID MEDIUM 

Although the s tationary c ulture sys tems have been the most 

exten s i ve l y  used among the submerged systems , they have one major 

drawback which  i s  that the r ate of metabo l i c  and gas e x change in the 

t i s sue d i ffer s  between areas which  are e i ther at the t i s sue-gas or 

ti s sue-med ium i nter face . Med ium c i rculation  and gas e xchange may be 

improved by agi tat ion of the 

Medawar  

culture 

( 1 9 48 ) 

vesse l . 

and 

Thi s  

later  

approach was 

Petro v i c  and introd uced i n i t i a l l y  by 

Huesner  ( 1 96 3 )  developed 

cont i nuous f low of gas 

a submerged organ culture method in which  a 

m i x ture  was  passed through the med ium , 

resulting  i n  gent l e  agitation o f  the t i ssue  explant s . Thi s  prevented 

the t i ssues from settling  on the bottom of the c u lture  vessel  with 

pos s i ble  cel l  outgrowth , whi le gas and metabo l i te e xchange was ensured 

over the entire  sur face o f  the explan t s . However , New and Mizell  

( 1 972 ) have observed that e x planted emb r yo s  rotated cont i nuous l y  in  

roller  tubes show mor e  growth than  those mai n t a i ned i n  stat ionary 

cultures . The organ culture fragments  can also be p l aced in  c losed 
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tissue  culture tubes . The tubes are then i ncubated on  a rol ler drum 

rotat i ng at about 1 5  revolut ions  per hour ( Reed , 1 976 ) . 

Neverthel e s s , the stationary tracheal organ cultures  are s t i l l  

the most exten s i vely  used method for studying bacterial  d isease 

pathogenes i s . I n  this  method , e xplants  are s i mply p l aced on small 

areas o f  crosshatched scratches on the bottom o f  a petri  d i sh , and the 

med ium to be used is added to a depth to j us t  cover  the t i s sue . The 

dish  i s  then pl aced in a 37°C incubator with  a 5 % carbon d io x ide 

atmosphere ( Col l ier , 1 979 ) . 

3 . 0  MONITOR ING THE PATHO-PHYSIOLOGICAL 

STATE OF THE TRACHEAL EPITHELIUM 

3 . 1 CILIARY ACTIVITY 

The trachea is a hollow organ l i ned by c i l i ated columnar 

epi thel i al cells  ( Banks , 1 98 1 ) .  The c i l i a  o f  these  c e l l s  are beating 

cont i nuou s l y  i n  a wave-like propu l s i ve action through the layer of 

non v i s cous mater i a l  that e x i s t s  between the c i lia  and the mucous l ayer 

( Che v i l l e , 1 976 ) . I n  organ cultures o f  resp i r atory epithel ium , 

c i l i ated and mucus-secreting c e l l s  are i n  their  normal topolog ical  

relationship  to each other and  the  unde r l ying t i ssues , c i l i ar y  

act i v i t y  i s  normal and there i s  some mucus secretion . But the 

metabol i c  rate probabl y  dec l i nes  sharply a fter i n i t i ation of the 

culture and mucus secr etion and m i totic rate dimin i s h  ( Reed , 1 976 ) . 

The character and frequency o f  the c i l i a r y  beating i n  t racheal organ 

culture rings can be observed by l i ght microscopy at 1 00X 

magn i fication ( Co l l i e r , 1 979 ) . C i l i a  are  very sen s i t i ve to i njury  and 

di sruption of  movement con s i derably  reduces the i r  e ffect i veness i n  

remo v i ng microb i a l  agents and particul ate mater i a l  from the upper 

resp i r ator y tract ( Chev ille , 1 976 ) . C i l i a r y  act i v i t y  has been shown 

to cor re late with  t i s sue v i ab i l i t y  in organ culture and has been used 

as an i nd i cat i on o f  injur y .  In stud ies  w i th tracheal organ culture 

mode l s  var ious methods have been used to quantitate c i l i a r y  act i v i t y . 

Shro yer and Easterday ( 1 96 8 ) c l as s i fied  i t  s i mp l y  as remai n i n g  o r  

abo l i shed . Che r r y  a n d  Taylor -Robi nson  ( 1 9 70a )  measured t h e  v i gour o f  

ci l i ar y  beat ing  a n d  the percentage o f  t is sue s u r face w i th c i l ia r y  

acti vi t y  presen t ,  and Col l i e r  a n d  Baseman ( 1 97 3 )  measured the freque��Y 
of c i l i ar y  bea t i ng with a s trobos cope . 
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3 . 2  HISTOLOGY 

The histopathological e xamination o f  t i ssue from tr acheal organ 

culture has  been frequent l y  used as a method o f  assessing  t i s su e  

i n j ur y .  Trachea l  t is sue i s  remo ved from the culture med i a , fi xed and 

processed in  a simi lar manner to that used for routine  h i s tology 

( Shroyer & Easterday , 1 968 ) . Most o f  h i s topatholog i cal s t a i n i ng 

techniques availab l e  may be appl i ed to organ culture mate r i a l  

( Co l l i e r , 1 979 ) . 

3 . 3  IMMUNOFLUORESCENCE  MICROSCOPY 

Immunofluorescence mi croscopy has been u t i l i sed to loca l i s e  and 

examine the relat ionship of organi sms to the ti ssue  t racheal o rgan 

culture . Ind i rect  fluorescent-antibody sta i n i ng techni que is most 

commonly  used . The ti ssue r i n g s  or fragments are removed from the 

med ium and qu ickly  fro zen in opt imal cutting temperature compound 

( O . C . T . ) and 4 urn sections  are prepared us ing a c r yostat microtome . 

The sections  are  then e x posed to rabbit  ant i serum again s t  the 

organ i s m ,  fol lowed by goa t  anti-rabb i t  globu l i n  con j ugated w i th 

fluorescein  isothiocyanate . The s ections  are then e xamined u s i ng a 

fluorescence microscope ( Co l l i e r ; et  a l . 1 97 1 ) .  Although the 

immunolog ical spec i fi c i t y  of this  method provides loc a l i s ation of the 

organ i sms , which  c annot be  done with certainty u s i ng convent ional 

morpholog i cal method s ,  it  does not show the e xact r e l at ionship  between 

ind i v idua l  orga n i sms and c i l i ated cel ls . 

3 . 4  ELECTRON MIC ROSCOPY 

The examination  of thin  s ections  by transmi ss ion  e lectron 

microscopy ( TEM ) is  often used with con s iderable success  on t r acheal 

organ c ultures . I t  al lows the study of the i nternal u lt r astructure of 

both  organ i sm and hos t  cell as  well as  the i nteraction  b etween them . 

The method s curren t l y  i n  use  are descr ibed b y  Col l ier ; e t  al . 

( 1 9 7 1 ) .  To stud y the external  features o f  the organ i sm and host 

tissue and the i r  attachment ,  scanning  e lectron microscopy ( SEM ) has 

been employed . Mus e ; et  a l . ( 1 976 ) have g i ven a d e t a i l ed account o f  

the method s of  preparation o f  tracheal e p i thel ium f o r  SEM . 
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3 . 5  METABOLIC  ACTIVITY 

In order to gain knowledge of the metabo l i c  act i v i t y  of the 

i n d i v idual c e l l s  i n  tracheal organ cultu r e , Col l i er and Baseman ( 1 973 ) 

e xamined hamster tracheal  r i ngs e x posed to [ 3H ]  amino acids  and [ 3H ]  

thymid i ne b y  rad i oautography . I n  s tudies  u t i l i z i ng rad i o i sotopically  

label l ed carbohydrate , prote i n , a nd nucleic  acid precursors , Hu ; et  

� ( 1 97 6 )  e xami ned the metabo l i c  al terations  of hamster tracheal rings  

i n fected by  Mycopl asma pneumon i ae . These authors  found that the 

i n t i mate contact  between v i rulent mycoplasmas and the respirator y 

ep i thel i um does not alone account- for the subsequent i nt errtlp-tion-· - o-f­

host cell  metabo l i sm but must be accompanied b y  cont i nued 

mult ipl ication  and biochemical  funct ion  of attached mycop lasmas . I n  

prev ious studies , Hu ; et  � ·  ( 1 9 75 ) infected tracheal r i ngs  with 

v irulent M .  pneumon i ae organi sms and found an al terat ion i n  

macromolecular  b iosynthe s i s  and metabo l i c  act i v ity  o f  the respi r ator y 

ep i thel ial c e l l s . Ther e  was an i n i t i a l  i ncrease i n  [ 1 4C ] galactose 

uptake followed by a s igni ficant  d e c l i n e  as i nfect ion progressed with 

parallel  decrease in [ 3H ]  orot i c  acid  and [ 3H ]  amino acid  uptake . The 

course of mycoplasma i n fection  could be i n terrupted or reversed b y  the 

add i t ion of  er ythromycin to the organ c u ltures whi ch prevents the 

onset of  abnormal orotic  acid  uptake . Therefore ,  Hu ; et � ·  ( 1 975 & 

1 976 ) sugges ted that medi ation  o f  host cell  i n j ury requ i r e s  cont inued 

prot e i n  synthes i s  by  att ached mycoplasmas and that the p r i mary e ffect 

of mycoplasma i nfection on  tracheal organ c ulture may be at a 

transcr iptional  or tran s l at ional  level . 

Tracheal organ cultures have a l so been shown to consume a 

measurable amount of o xygen when i n cubated i n  a closed mi cro_chamber , 

and tracheas i n fected with M .  pneumo n i a e  showed a s i gni fi cantly  lower 

oxygen uti l i zat ion ( Gabr i dge , 1 975 ) . The effect of M .  pneumoniae 

i n fect ion on  hamster t r acheal organ c u l tures has a l so been ex amined 

with respect to the kine t ics  of cel lular  respiration  ( Gabridge , 1 975 ) , 

dehydrogenase act i v ity  ( Gabr idge & Po l i sky , 1 976 ) and ATP content 

( Gabr idge & Pol i sky , 1 977 ) . I t  has been found that all  these 

act i v i t ies  were d i mi n i shed in i n fected c i l iated respir atory  epi thel ium 

but not i n  the controls . 

Perox ide  product ion  was demons trated i n  Mycoplasma mycoides 

var . capri i n fected chi cken emb r yo t r acheal r i ngs  but not in u n i n fected 
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cultures  ( Cherry  & Taylor-Rob i n son , 1 970c ) . Other studies , u s i ng 

bov ine  tracheal organ cultures i n fected with  BHV 1 have succes s fu l l y  

demonstrated interferon prod uction ( Fulton & Pearson ( 1 980 ) . 

4 . 0  THE USE OF TRACHEAL ORGAN CULTURES 

FOR STUDYING RESPIRATOR Y  I NFECTIONS 

Und i fferen t i ated cell  culture l i nes have been used to study 

alterations produced b y  i n fectious microb i a l  agents for many years . 

However , these cu ltures  may or may not r e t a i n  the character i st i c s  o f  

d i fferent i ated host cel l s . Organ culture  has the advantage o f  

pro v i d i ng d i fferentiated c e l l s  thus enab l i ng the i nterac t ion between 

agent and hos t c e l l  to be ful l y  developed ( Collier , 1 979 ) . I n  recent 

years the techn i ques o f  organ cul ture have been widely app l i ed to 

microbiological problems . Ver y s i gn i ficant  ad vances have been made by 

thes e  method s ,  and the i r  role in  mi crob iolog i cal r es earch has become 

firmly  establ i shed ( Reed , 1 976 ) . 

With the organ culture model ,  t issue  from a s i ngle animal c an be  

used  for  control and test groups at the  same  t ime . Thu s , i n  add i t ion 

to being an economic method , trachea l  r ings can be i n fected w i th a 

spec i f i c  number o f  c lo ned respiratory pathogen s , avo i d ing  the e ffect 

of secondary i n fect ion which commonl y  occurs i n  natur a l l y  r ea red and 

SPF an imal expe r i ments ( Co l l i er  & Baseman , 1 973 ) . C i l i ar y  acti vity  

permits  continuous mon i to r i ng of  i n j u r y  and  v i ab i l i ty o f  i nd i v idual  

c i l i ated epithel i al cells  d u r i ng the  exper iment and  serves  as a n  i ndex  

of varying degrees  of  damage . 

Organ culture mode l s  do not possess  a blood supply and ther e fore 

do not have systemic host immune , humoral  or nutri tional  factors 

present as in the i ntact an imal . Thi s  probably magn i fies  the i njury  

patterns that wou ld be  seen  i n  the i ntact host . Therefore , i nd i vidual  

cel l s  i n  this  system respond to  i n fection  mai n l y  through the 

mechan i sms  of hyperplasia  and/or necr o s i s  ( Co l l i e r  & Baseman , 1 97 3 ) . 

Although , organ culture studies  have  prov ided i n formation  that 

cou ld not have been obta ined from in v i vo animal  experiment s ; i t  

shou ld b e  remembered that i so l ated t i ssue  explants c a n  not  provide  a n y  

i n formation o n  t h e  s ystem i c  e f fect produced b y  i n fectious agents 

( Col l ier , 1 979 ) .  
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4 . 1  MYCOPLASMA INFECTION 

Mos t  mycoplasma species are e x tracellular  pathogens that have as 

the i r  target cells  the e p i thel i um o f  mucosal sur faces . Organ cultures 

permit the mai ntenance o f  an organ i zed mucosal  surfaces i n  v i tro and 

thus al low d i rect observation o f  the i nteraction of mycoplasmas w i th 

these target cells  ( Coll ier , 1 979 ) . 

4 . 1 . 1 HUMAN MYCOPLASMAS 

One of the mos t  commonly  stud ied orga n i sms us i ng organ culture 

techniques  has been � pneumo n i ae ; the cause o f  atypical  pneumonia  i n  

man . Thi s  i s  because the organism  has been d i fficult  to study u s i ng 

conventional  method s and there i s  a l ack of  sui table  animal mode l s . 

The i n i t ial  s tudies were made b y  Butler ( 1 969 ) who i n fected human 

emb ryo tracheal culture with several  spec ies  of mycoplasma . In  this  

study Butler  ( 1 969 ) found that tracheal organ cultures i nfected with  

M .  pneumoniae  were d amaged whi l e  the  other  mycoplasmas used  were 

produced no les ion . At about the same t i me Coll ier ; et  al . ( 1 969 ) 

found that M .  pneumo n i ae prod uced dramat i c  c ytopathology when 

i noculated i nto hamster tracheal organ cultur e . 

The i nteraction between M .  pneumoniae  and hamster  tracheal 

organ cultures has been stud i ed b y  Col l i e r ; et al . ( 1 97 1 ) .  The y 

stud i ed the cytopathology following attachme n t  of  i n fecting  organi sms 

and observed c i l iocytophthor i a  ( formation of coale s c i ng c ytoplasmic 

· vacuoles eventuates in fragmentat ion  and e x fol i a t ion o f  c i l i ated 

ep i thel i a l  cel l s )  and eventual s loughing of the epithe l i a l  l ayer . 

Col l i er and C l yde ( 1 970 & 1 97 1 a  & b )  conti nued the i r  studies  u s i ng 

human foetal  cultures i nfected w i th M .  homon i s , � pneumo n i ae , M .  

fermentans , M .  s a l i vari um and M .  ora l e . A sequence o f  

cytopatho logical  changes denot ing  progres s i ve c e l l  i njury  was 

observed . Using  immunofluorescence and elec t ron m icroscopy , the M .  

pneumo n i ae organi sms were found concentrated on  the luminal  surface o f  

the epithe l i um i n  a n  extrace l lular  pos i t ion . The organi sms were 

filamentous i n  shape and att ached to the epithe l i a l  c e l l s  b y  a 

di fferen t i ated port ion  o f  the mycoplasma , whi c h  served as  the means o f  

attachment  t o  host c e ll s .  An a v i rulent M .  p neumo n i ae mutant  that no 

longer retai ned the ab i l i ty to attach to the e p i the l i a l  c e l l s  produced 
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no c ytopathological  changes . No cytopatholog ical changes were seen  i n  

human foetal organ cu ltures i noculated with the other mycoplasma 

spec i e s  used i n  this stud y .  

Attention was first  focused o n  the attachment o f  M .  pneumon i ae 

to the surface of  c i l i a  b y  the studi es of  Woodruff ; e t  al . ( 1 973 ) . 

Thes e  i nvestigators examined the ultrastructural a spects o f  sur face 

par a s i t i sm of  M .  pneumon iae  i n  hamster trachea l  organ culture . 

Muco s a l  c ytopathic  changes and submucosal necrosi s  were prom i nent . 

Mus e ; et al . ( 1 976 ) stud i ed the three d imensional  features o f  the 

attachment of  M .  pneumoniae  to- - the epi  the l iin--surrace --o r--na-riister 

tracheal organ culture . These  stud ies  establ i shed the f i l amentous 

morphology of the M .  pneumo n i ae and the attachment o f  numerous 

organi sms to i nd i v idual c e l l s  fol lowed b y  progres s i ve epithe l i a l  cell  

i n j ur y .  In  order  to correlate  sur face w i th intracel lular  al terations 

i n  respirator y epi thel i um produced b y  M .  pneumon i ae , Murphy ; et al . 

( 1 980 ) examined sequent i a l l y  by TEM & SEM , the att achment  o f  M .  

pneumoniae  to the mucosal sur face o f  hamster tracheal  organ culture . 

I n  these stud ies , the organ i sms were located adj acent  to , and on  the 

surface of  c i l i ated cells  that exhibi ted lesion s , but they were not 

i n t i mately assoc i ated wi th the non-c i l i ated cells . Carson ; et  al . 

( 1 9 80 ) u t i l i z ed freeze-fracture techn i ques  to exam i n e  the relationship 

of  M .  pneumo n i ae to epithe l i a l  c e l l s  i n  tracheal organ culture s . In  

thi s study , membrane-associ ated par t ic les  were observed on  all  

membrane  fracture faces o f  the  M .  pneumoni ae c e l l s , but  they  were 

general l y  mor e  abundant on the convex rather than the concave face of  

the  fractured membrane . 

Hu ; et  al . ( 1 975 ) presented ev idence that M .  pneumoniae  

organ i s ms not only  needed to attach to epithe l i al cells  to produce 

i n j u r y  but that the organ i sm must also be  metabol i c a l l y  act i ve . The 

course  of mycoplasma i n fection  could be i nterrupted or reversed b y  

er ythromyc i n  after the i n i t i a l  mycoplasma-host c e l l  i nteraction  had 

occurred . The add ition  of e rythromycin  24 hr a fter i n fectio n  o r  

ear l i er prevented the o n s e t  o f  abnormal orot i c  a c i d  upt ake and 

subsequent c ytopathology .  Later , Car son ; et a l . ( 1 98 0 ) , r epor ted 

that the mor pholog i cal alterations they observed i n  tracheal organ 

cultures in fected with M .  pneumo n i ae might r epresent  a structural 

analogue to the biological  f indings of  Hu ; et al . ( 1 9 75 ) . 
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Organ c u ltures  o f  adu l t  hamster trachea have also been used to 

evaluate the c ytotoxic  potent i al of c e l l  fract ions of �· pneumo n i ae . 

Gabr i dge ; et  al . ( 1 974a  & b )  reported that M .  pneumoniae  membranes 

had c ytotoxic  e f fects on tracheal organ cultures prod uc ing c i l iostas i s  

and epi the l i a l  c e l l  cytopathology . Gabr idge ; et �· ( 1 977 ) reported 

that the attachment s i t e  of tl• pneumoniae  membranes to  the  c i l i ated 

epi thel ium is d i s t i nct from the receptor s i te-mediated attachment of 

M .  pneumoniae cells . These  authors  suggested that M .  pneumoniae  

membrane , i s  not  entirely  responsible  for  the pathogeni c i t y  o f  these 

organisms and that other mechani sms m ight be involved . 

I n  order to study the spec i fi c  r eceptor sites  of  attachment , 

Col l ier  and Baseman , ( 1 973 ) treated tracheal r i ngs with neuramin idase 

and fo und tha t the treatment of  tracheal  r i ngs with the en zyme , 

lowered the attachment o f  v ir u lent but not aviru lent M .  pneumon i ae to 

epithe l i a l  c e l l s . In  the i r  study , Engelhart and Gabr i dge  ( 1 977 ) , 

found that the att achment  o f  1 4C-l abeled M .  pneumo n i ae was more  than 

two fold greater in the normal epithe l i um and pretreatment of explants 

with neuram i n idase  decreased attachment to both squamous and 

pseudostrat i f i ed epithe l i a l  surfaces to a s imilar  level . 

To ex amine the b iochemical  bas i s  of  changes i n  epithe l i a l  hos t 

cel l s  produced b y  M .  pneumon iae , an  assessment of  carbohyd rate , 

r ibonucliec  acid  and prote i n  biosynthes i s  and metabol i sm was achi eved 

by Hu ; et al . ( 1 975 & 1 976 ) . After the i n i t ial  mycoplasma-hos t  cell  

interact ion , t r acheal organ cultures were treated with  erythromyci n  to  

stop  protei n  synthe s i s  by the  mycoplasmas and then  the u p  take and 

incorporat ion  of [ 1 4 C ]  amino acid by the cells  of tracheal organ 

culture was measured . In  these exper iments , inh i b i t ion of host cell  

r i bonucleic  acid  and  prote i n  s ynthe s i s  was evident within  24 hr after 

i n fect ion o f  t racheal  r ings  with v i r ulent  mycoplasmas and this damage 

preced ed any h i s tologi c a l  changes in the t issue . 

Gabr i dge  ( 1 975 ) demonstrated that hamster tr acheal  organ 

cultures were consuming measurable amounts  o f  oxygen whe n  i ncubated i n  

a closed m i cro-chamber .  Tracheas i n fected with M .  pneumo n i ae showed 

a s i gn i ficant l y  lower o x ygen u t i l i zat ion  than d id u n i n fected contro l s  

and the effect was dose d ependent . Virulent mycoplasmas caused a 

s igni ficant decrease i n  r e l at i ve c i l i ar y  act i v i ty and o x ygen 

u t i l i zation , whereas attenuated mycopl asmas reduced c i l i ar y  act i v i t y  
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and oxygen ut i l i zation to a lesser  e xtent . Gabridge and Pol i sky  

( 1 977 ) measured the amount of  adeno s i ne t r iphosphate ( ATP ) i n  hamster 

tracheal organ cultures . They found that in organ cultures  i n fected 

with v i r u lent  M .  pneumo n i ae o r  M .  pneumo n i ae membranes there was a 

decrease i n  bo th c i l i ar y  act i v i t y  and ATP content . When tracheal 

cultures were infected w i th attenuated o r  nonvirulent  mycoplasmas , 

c i l i ar y  act i v i t y  was only  s l i ghtl y  decreased , whi le ATP rose s l ight l y . 

Wol ffing and Gabridge ( 1 979 ) r eported that i n  tr acheal organ cultures 

i n fected with · M . pneumo n i ae there was a s igni ficant decrease i n  

c i l i ar y  act i vity , but a 

monophos phoric  acid . 

s l i ght dec l i ne i n  cycl i c  adenosine  

The attachment o f  r ad i o i sotopi c-labelled  M .  pneumon iae to 

hamster tracheal organ culture has been e x ami ned by Powe l l ; et al . 

( 1 976 )  u s i ng radioautogr aphy and l iqui d  s c i n t i l l ation count ing . With 

these techni ques they demonstrated that [ 3H ]  thymidine-labelled 

v irulent  M .  pneumo n i ae organ i sms attached whereas an 

i sotopi c -labelled avi ru lent strain d id not . Thes e  authors  conc l uded 

that the v i ab i l i ty of the mycoplasmas metabo l ic i ntegr i ty of the 

tracheal organ culture  were important for optimal attachment . 

Therefore when they pretr eated the organ culture  with neuraminidase  or 

sod i um per iodate , attachment o f  organi sms was s igni ficantly  impai red 

because of the change in the speci fic  s i te of attachment .  

Identi fication o f  the attachment factor on  v i r u lent M .  

pneumon i ae organi sms whi c h  permi t s  surface paras i t i s m  o f  respir atory 

epithelium was attempted b y  Hu ; et  a l . ( 1 977 ) . They demons trated 

that v i r ulent � pneumoniae  mus t  possess a n  e x ternal membrane prote i n  

i n  order t o  attach t o  the r e sp i r atory epithe l i um .  Thi s  protei n  i s  

tryps i n-sen s i t i ve and , whe n  the M .  pneumo n i ae organ i sms were treated 

with protease , attachment was i mpaired without reduci ng v i abi l i t y  of 

the organi sms . However , whe n  protease t reated organi sms were 

incubated i n  mycoplasma med iu m , the pro t e i n  regenerated and the 

abi l i ty of  attachment was restored . Kraus e ; et  al . ( 1 982 ) and 

Hansen ; et  al . ( 1 98 1 )  demons trated that the mechani sms employed for 

haemadsorpt ion and attachment to respiratory  epithe l i um were s i mi lar . 

Chandler ; et al . ( 1 982 ) studied  the e ffect o f  the age o f  the 

trachea l  organ culture on  attachment . I n  t h i s  study they found that 

attachment  o f  M .  pneumo n i ae to the tracheal organ c u l tures  i ncreased 
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with  the age of  the culture . 

4 . 1 . 2 OTHER MAMMALIAN MYCOPLASMAS 

Tracheal organ cul tures have been  used to study the 

pathogeni c i t y  of sever al  spec ies  of non-human mycoplasmas . The first  

studies  were those of But l er ( 1 969 ) and  Butler and  E l l away ( 1 97 1 )  who 

e x amined the 

� myco ides 

mycoplasmas . 

growth and c ytopathi c  e ffect of  M .  mycoides v ar . capri , 

var . mycoides ,  M .  agalactiae  and several o ther 

The Growth o f  each species  was demonstrated except for 

� myco ides var . mycoides . Howeve� � i n  these - s tud ie�- only -M� mycoides- -­

var . capri produced cessat ion o f  c i l i ary  act i vity  and ep i the l i al cell  

damage . Thes e  changes were  dose dependen t . 

One o f  the main  con tributions i n  thi s  area has been made b y  

Cherry  and Taylor -Rob i n son . The growth and c i l i a  s toppi n g  e ffect o f  

24 Mycoplasma strains  were e x ami ned by Cherry  and Taylor-Rob i nson 

( 1 970a ) . They found that 1 7  s tra i n s  mul t ip l i ed in  the organ culture , 

and 7 strains  inc luding M .  myco ides  var . capri i nh i b ited c i l iary  

act i vi t y .  

In  studies  u t i l i z i n g  chicken embryo tracheal  organ cultures 

Cherry  and Taylor -Robinson  ( 1 970b & c )  measured and compared peroxide  

prod uct ion b y  several mycoplasmas and correlated the findi ngs  with 

d amage to the c i l i ated e p i the l i um . Pero xide  production was 

demonstrated in tracheal r ings  i nfected w i th M .  mycoides  v ar . capr i 

i n fected tracheal r i ngs  but not  i n  u n i n fected cultures . The rapi d i ty 

o f  the c i l i a -stopping e ffect resu l t i n g  from � · myco ides var . capri  was 

related to concentration of the organi sms in the culture and the 

prod uction of pero xide was an i mpo rtant v i rulence factor i n  M .  

myco ides var . capri  i n fection . I n  1 97 3 , these authors publi shed 

further data on  the growth and c i l i a -stoppi ng e ffect of several  

mycoplasmas i n  5 tracheal  organ culture s ystems . They found that M .  

myco ides , M .  pulmon i s , M .  neurolyticum ,  M .  hyorh i ni s , M .  

meleagr i d i s  and M .  agalact i a e  adversely  affected c i l i ar y  act i vity . 

Mycoplasma mycoides  var . capri grew and had a rapid c i l i a-stoping 

e ffect i n  chicken tracheal organ culture s , whereas the growth of M .  

myco ides var . myco ides was erratic  and the loss o f  c i l i ar y  act i v i t y  was 

v e r y  s low . In  add i t ion , M .  myco i des  var . mycoides  was mor e  

fast i dious , i n  that it  d i d  n o t  grow i n  a l l  cultures b u t  i n  gener a l  i t  
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was less  damagi ng to chi cken resp i r atory epithe l i um than M .  mycoides 

var . capr i . 

Organ cultures  of  por c i n e  and bovi ne trachea were used by Reed 

( 1 9 7 1 )  to study the i nterac tion between i n fluen za v iruses  and 

mycoplasmas . She found that M .  hyorhi n i s  produced minimal 

h i s topathological  changes in the epitheli um and swin e  i nf l uen za v i ru s  

produced moderate damage , whi l e  a double i n fection w i th both agents 

i ncreased the des truct ion marked l y . Titres of  v irus  i n  the organ 

culture fluid were unaltered by the presence of  concurrent  i nfection 

with  M .  hyorhi n i s , but grow�� __ o f  th� mycoplasm� was enhanced . Reed 

( 1 972 & 1 97 6 ) reported that prior  i n fection of tracheal organ cultures 

with bovine  rhi nov i rus o r  parai n fluenza  v i rus type 3 ,  both of which 

were cytopathic  for the tracheal epithe l i um ,  enhanced the growth o f  M .  

hyor h i n i s  and M .  donetta  b y  damaging the epi the l i um and releasing  a 

condi t i on i ng factor i nto the med ium . 

Addit ional s tudies on the pathogen i c i ty o f  M .  hyopneumoni a e , �· 
hyorhi n i s , �·  gr anularum and M .  hyosynov i ae i n  por c i n e  tracheal 

organ cultures was made by P i j oan ; et  al . ( 1 972 ) and Pijoan  ( 1 974 ) . 

In  these experiments , both serum-r e s i stant and serum-sen s i t i v e  strains  

o f  M .  hyorhi n i s  had  a marked e ffect on c i l i ary  act i v ity  and  caused 

necro s i s  of  the epithel i um . Mycoplasma granularum and M .  hyosynov iae 

caused cessat ion of c i l i ar y  movement ,  but to lesser  e xtent , and 

necros i s  d i d  not occur . With M .  hyopneumon iae , the i n fected organ 

cultures  survived longer than the control cultures . 

Further s tudies  o f  bov in e  t racheal o rgan cultures were made by  

Howard and Thomas ( 1 97 4 )  who s tudied  the effect  o f  M .  d ispar 

i n fection . They presented e v i dence that the i n j u r y  produced b y  M .  

d i spar was dependent o n  the presence o f  serum i n  the organ culture 

med ium . Thomas and Howard ( 1 974 ) e x amined the c i l i ar y  mot i l i t y ,  

mycoplasma growth curves and h i stopathology i n  bovine  foetal  t racheal 

organ cultures i noculated with  M .  d ispar , M .  bov i rh i ni s , 

Acholeplasma l a i d l awi i and " T" mycoplasma . In these stud i es , they 

found that mycoplasmas mul t i p l i ed in the organ cultures , but onl y  M .  

d i spar produced c ytopathic  e ffect s  on c i l i ated epithe l i um ,  and onl y  in  

the presence o f  l arge numbers  of  mycop lasmas . 

A limited n umber o f  mycoplasmas have been s tu d i ed i n  rat  and 
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mouse tracheal organ cultures . Westerberg ; et a l . ( 1 972a & b )  

studied  the e ffects prod uced b y  s i ngle  and mi xed i n fections  with M .  

pu lmon i s  and i n fluen za A v i r u s . I n  t h i s  s tudy , they found that M .  

pulmon i s  mu ltipl i ed , produc ing i nhibition  o f  c i l i a r y  act i v ity  and 

histopathological  damage . However , the organ i sm grew i n  close 

assoc i ation  with the cel l  membranes  but did not attach d i rectly  to the 

membranes or the c i l i a . Influenza  A v i r us rep l i cated i n  organ 

cultures and prod uced c i l iary i nh i b i tion with exten s i ve cytopathologi c  

changes . Simult aneous i n fection  o f  the cultures  with M .  pu lmoni s  and 

Influen za A v i rus  resu lted in more r ap i d  c i l i a r y  i nhibi tion and 

greater t is sue damage -than that- oo.curr i-ng--wi-tfr--either-a-g�t-s-- a-lone 1-a­

find i n g  which con fi rmed the work o f  Reed ( 1 97 1 ) .  Thes e  i n v estigators 

noted that the presence of  the v irus  had no e ffect on  the growth o f  

mycop lasmas , but mycoplasmas produced a decrease i n  the v irus  t i tre i n  

the med i um .  

Recent l y  attention has focused on the e ffec t s  o f  Mycoplasma 

ovipneumoniae  and Mycoplasma arg i n i n i  on  the r espiratory epi thel ium b y  

the study o f  Jone s ; e t  a l . ( 1 9 8 5 ) . Thes e  i nvesti gators e xamined the 

topograph i cal aspects of sur face paras i t ism  o f  M. o v i p neumoniae  and 

M .  arg i n i n i  in ov ine and capr i ne tracheal  organ cultures . They found 

that M .  ov ipneumo n i ae produced sudden c i l iostasis  and pro found loss 

o f  c i l i a  after 3 days in  l amb e xplants  whi le these e f fects wer e 

grad ual  and less  pronounced i n  cap r i n e  explants . Mycoplasma arg i n i n i  

also induced c i l ios tas i s  and l o s s  o f  c i l i a  i n  both cap r i ne and ovine  

explant s . Although the  onset a t  2 days was  more r ap i d , there was 

e v idence of recovery  after 6 days w i th apparent regeneration  of c i l i a . 

4 . 1 . 3 AVIAN MYCOPLASMAS 

Organ cultures have proved useful  i n  the s tudy of many avian  

i n fect i ou s  agents and  have  been  spec i fical l y  employed to e valuate the 

effect of avian mycoplasmas . 

The spectrum of  growth and c i l i a -s toppi ng e ffects of  M .  

galli sept icum and M .  gall inarum i n  chicken t racheal organ culture was 

first  s tudied  b y  Cherry  and Taylor-Robinson  ( 1 970a) . They found that 

both mycoplasmas , multipl ied i n  organ c u lture but  only  M .  

gal l i sept i cum inhib ited c i liary  ac t i vi ty . Later these  wor ke r s  ( Cherry 

& Taylor-Rob i nson , 1 970b & 1 97 1 a  & b )  measured and compared pero x ide 
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product ion b y  M .  gal l i narum in organ c u lture and correlated the 

f i n d i ng s  with h i s topathologi c a l  d amage to the c i l i ated epithe l ium . 

Although M .  galli sept i cum c aused r apid  c i l i ar y  d amage to chicken 

t racheal organ cultures the organi sm fai led to produce a measurable 

amount of  pero x ide . However , when M .  gal l i septicum was e x ami ned for 

v i r ulence factor , nei ther perox ide production ( Cher r y  & 

Taylor -Rob i n son , 1 970b ) nor c ytoad sorption ( Cherry  & Taylor-Robinson , 

1 97 3 ) appeared to play a n  i mportant role . A tox i c  substance other 

than peroxide  was ident i fied b y  Cherry  and Taylor-Robi nson ( 1 97 3 ) on 

medium from M. galli septicum i nfected organ cultures which  was m i ld l y  

t o x i c  t o  the c i l i ated epi the l i um .  

Mycoplasma galli narum , which  i s  cons idered to b e  nonpathogen i c  

i n  natural avian i nfect ion s , grew in  chi cken tracheal organ c ultures 

but d id not stop c i l iary  act i v i t y . Surpr i singl y , it  was found that 

cultures i n fected with M .  gal l i narum lost c i l i ar y  act i v i ty less  

rapidly  than the control cultures ( Cher r y  & 

Taylor -Rob i nson and Cherry  ( 1 97 2 )  

e f fect of M .  galli narum might b e  

mycoplasma of  a substance that 

Taylor-Rob inson , 1 973 ) . 

that the c i l i a-sparing  

prod uction b y  thi s  

s�ggested 

due to the 

destroys pero x ide in  the organ 

cultures . Moreover , the c i l i ated epithel ium o f  the 

system can be protected from the adverse effects of M .  

organ c u lture 

g a l l i sept icum 

( Cher r y  & b y  prior  i n fection  w i t h  M .  galli narum organisms 

Taylor -Robi nson , 1 973 ) . 

The h i stopathological  changes i n  tr acheal organ cultures 

i n fected with M .  gal l isepti cum were s tud ied b y  R athore ; e t  al . 

( 1 979 ) . The i nfected 

c ytoplasmic vacuolation 

epithe l i a l  cel l s . 

tracheal r i ngs showed 

and patchy loss  o f  

n uclear  swe l l ing , 

c i l i a  from the l i n i ng 

Takag i and Arakawa ( 1 9 80 ) , presented e v idence , that metabol i c  

prod ucts from chi cken tracheal organ cultures play  an i mportant  role 

in  s t i mulat i ng the growth o f  M.  gall i sept icum . Add i t ional l y ,  these  

authors  found no ev idence o f  local  r e s i stance to the  i nfect ion in  

t racheal cultures obtai ned from chi ckens immuni zed e xper i mentally  

against  M .  gallis epticum t o  the i n fection . 
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4 . 2 BACTERIAL INFECTION 

Although the techn ique of trachea l  organ culture  has been 

app l i ed less to studying bacte r i a  than the v irological  and mycoplasma 

research , several s ign i f i cant s tud ies  have been made and the value of 

the techn i que in  t h i s  area is f i rmly establi shed . One of the l imiting 

factors i n  i ts u s e  has been the need to control contam ination w i thout 

using ant ibiotics . 

Some o f  the first  s tud ies  i n volved the att achment o f  Escher ichia  

col i  and  Staphylococcus aureus to  the  epi the l i a l  s u r face  o f  r abb i t  

tracheal  organ c ultures mai n t a i ned o n  sol id  agar , u t i l i z i ng a poi nt 

i noculat ion technique ( Matsuyama , 1 974 ) . After point  i noculation , 

the behav iour of  the bacter i a ,  the development of c i l iostas i s  and the 

histo logical  changes on the e p i thel i a l  sur face were e x am ined . 

Ini t i al l y ,  the bacter i a  were  locali sed on the epi the l i al surface 

without d i sturbing the mucoc i l i ary system . Thereafter , sur face 

infection  and h i s topatholog i c a l  changes d e veloped gradually  on the in 

v itro mucous memb rane . 

A usefu l  cont r i bution to  the understanding o f  Haemophi l us 

i n flue n za i nfect i on i n  man was made b y  Denny ( 1 974 ) who showed that 

e i ther v i able  H .  influenza organi sms or ster i le s upernatant fluid  

from i n fected cultures caused c i liost a s i s  and  epi the l i a l  damage i n  

organ c u ltures  o f  respirato r y  tract mucosa .  

electronmicroscop y , the i nteract ion between H .  

trachea l  organ cultures was e xami ned b y  Johnson ; 

U s i ng scann i ng 

i n fluenza and rat  

e t  a l . ( 1 98 3 ) . 

Organ cultures o f  rat  trachea i noculated w i th e i ther type b o r  the 

noncapsulated strain  of  H .  i nfluenza showed loss o f  c i l i a r y  act i v i t y  

and d i srupt ion o f  the mucosal sur face . Exam in ation o f  t i s sue  p ieces 

by SEM showed that mucosal d amage was due to the s loughing  of 

epi thel i a l cells . Bacteria  associated with the i ntact  epi the l i a l  

surface were seen i nfrequent l y , and the s loughed epi the l i al c e l l s  were 

also free o f  adherent bacter i a .  

Bordetella  bronchi s eptica  which i s  bel ieved to be  the 

aetiologi c a l  agent o f  s w i n e  atroph i c  rhinitis  a n d  a lso causes 

pneumo n i a  in piglets has also been studied  in trache a l  organ culture . 

Thi s  organ i sm was f irst  i solated from a dase  o f  cani ne  d i s temper and 

is freque n t l y  found in the r e sp i r atory tract  of dogs , p i g s  and other 
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an imal s ,  either as  

resp i r atory d i sease  

e x pe r i menta l l y  u s i ng 

a member o f  the normal flora or assoc i ated w i th 

( Sol ty s , 1 979 ) • I t  has been d emons t r a ted 

can i n e  tracheal e xplants that �· bronchi s eptica  

has a strong a f f i n i t y  for the canine  respiratory tract  and  there are 

s i mi l a r i ties  b etween the respirator y i n fections produced b y  B .  

bronchi septica  and s .  aureus whi ch has  no spec ial p red i lection  for 

the respiratory tract ( Bemi s ; et  al . 1 977 ) . Sca n n i ng 

electronmicroscopy has been used by Matsuyama and Taki no ( 1 9 8 0 ) to 

observe  in fect ions  of the r abbit  t racheal mucos a  with  B .  

bronch i sept ica  and S .  aureus . Mucous membrane i n fected w i t h  B .  

bronchi septica  was -p.a�tly--den-Uded---.oL--- c i l i a- and tuftS--of- - rema-ining­

c i l i a  were entangled with l arge numbers o f  bacteria . Organ c u l tures 

in fected with S .  aureus showed par t i al d i sappearance of  c i l i a  with 

m i ld e x fo l i at ion  o f  epi thel i a l  cel l s . However , i t  was e x tremely 

d i fficult  to f i nd bacter i a  on the damaged a reas and mos t  o f  the c i l i a  

were free from bacter i a . Bemis  and Kennedy  ( 1 98 1 )  studied  the e ffect 

of  B. bronc h i s eptica  on  the c i l i ar y  activity of canine  t racheal 

epithel i a l  cel l s  using  a s e n s i t i v e  sys tem for quan t i t a t i ng the c i l i ar y  

b e a t  frequenci e s  o f  an i n d i vidual cell . They found t h a t  phase  I and 

intermed i ate phase  of �· bronchi sept i c a  i solates produced s i gn i ficant  

reduction s i n  c i l i a r y  beat  frequenc i e s  within  5 m i n . and nearly  

complete c i l i o s t a s i s  within  3 h r . A rough-phase i so l ate o f  this  

organism  had no e ffect . Phase-I and  i ntermed iate-phase i so lates 

att ached to c i l i a , whereas the rough-phase  i solate did not . 

The effect o f  d iphtheria  t o x i n  on 

culture was studi ed b y  Baseman and 

gui nea 

Col l i er 

pig  tracheal organ 

( 1 974 ) . Exposure  of  

i n d i v idual tracheal  r i ngs  to tox ins resul ted in  progres s i ve i nh i b i t ion 

of  protein  synth e s i s  as well  as the development of c ytopatholog y .  

I id a  and Aj i k i  ( 1 974 ) e xami ned the growth characte r i s t i c s  o f  B .  

pertu s s i s  in  chicke n  tracheal organ culture , and they observ ed marked 

growth on  the tracheal  fragments . However , they demonstrated that 

serum-free or cond i t i oned med ium alone as  wel l  as an emu l sion  of 

tr acheal tissues  prepared in the cond i t ioned med ium supported l i ttle  

growth o f  the bacte r i a  i nd icat i ng that  an i ntact epithe l i um was 

necessary  for growth . Fluorescence microscopy showed that the 

pr i nc i pal  s ite  o f  bacter i a l  growth is the epithel i a l  sur face . The 

inhibi tory effect of 2 , 4  d i n i trophenol  on the growth of �· pertussis  

i n  chi cken tracheal organ  culture  was  a l so observed b y  these  authors • 

Although the e ffect o f  2 , 4  d i n i t rophenol was rever s i b l e  i n  the early  
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stage  of  i n fect ion longer  treatment with  this  i nhibi tor r es u lted in  an  

irreversible  inhibit ion  o f  bacte r i a l  growth due  to seconda r y  d amage of  

the  tracheal f ragment s , thus  con f i rm ing the  nece s s i ty o f  i n tact 

epithe l i um for this organi sms growth . Matsuyama ( 1 97 7 )  e x amined the 

resistance of  B .  pertu s s i s  t o  mucoc i l i ar y  clearance b y  rabb i t  

tracheal organ culture . I n  these stud ies , cult i vated mucous memb r ane 

o f  rabb i t  trachea was point  i noculated with B.  pertus s i s  phase-I o r  

phase-I I I . Phase-I ( vi rulent ) b acte r i a  were found t o  b e  i n fect i v e  a t  

the poi n t  i noculated s i t e , b u t  phase-III  ( avi rulent ) bact e r i a  rarely  

showed such behavior . Muse ; e t �· ( 1 97 7 )  u t i l i zed the scan n i ng 

electronmicroscopy techni que - - to study-- the -infect i-on - o f - hamster­

tracheal organ cultures wi th B.  pertuss i s .  They proved that B .  

pertuss i s  organ i sms attached only  to the c i l i ated epithel i a l  c e l l s  and 

a sequence of  events i nvolving  the i n j ur y ,  expulsion and des truction 

o f  these di fferenti ated cells  then occurred � 

4 . 3  VIRUSES 

The techn iques o f  trachea l  organ culture have been broad l y  

app l i ed to v irological  problems . Mos t  of  the recent wor k  o n  growth o f  

v ir uses i n  tracheal organ culture has  been promoted by  the development 

of  simple methods of  culturing respiratory epithelium and mai nta i n i ng 

i t  i n  a s tate suitable for v irolog ical  studies  ( Hoorn  & Tyrrel l ,  1 96 5 ; 

Tyrrell  & Hoorn , 1 965 ) . The developments i n  t h i s  field  up to  1 969 , 

have been comprehen s i ve l y  revie wed by  Hoorn and Tyrrell , ( 1 969 ) .  The 

present rev iew deals  m a i n l y  with wor k  carried out s i nce then i n vo l v ing 

the use o f  this  techni que for  s tudying the mechanism of  infect ion and  

related morphological  changes i n  v i t ro . 

The spec i ficity  o f  certain  v i ruses for respi r atory epithel ium 

has been stud i ed b y  Toms ; et  a l . ( 1 974 ) who used ferret organ 

cultures to quantitate  the growth o f  i nfluenza v irus i n  a r ange o f  

respiratory and other t issues . Nasa l  epithel ium was more sensi t i v e  to 

i nf luen za  virus  than other t issues  used in these experiments . The 

abi l i ty of a range o f  human and anima l  i nfluen za  v i ruses to i n fect 

tissues o f  d i f ferent spec ies  was stud i ed b y  Schmidt ; et  a l . ( 1 974 ) .  

In  these exper i ments i n fluenza v i ruses grew best  in  organ cu ltures o f  

the i r  homologous spec i e s , but human and swine v irus a l so grew wel l  i n  

heterologous cu lture s . By somewh at s imilar  methods , Henderson ; e t  

al . ( 1 978 ) demonstrated that synthe s i s  o f  respirator y  syncyt i a l  v irus  
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occurred only i n  a population  of c i l i ated epithe l i a l  c e l l s  of human 

trachea . Whi l e  in ferret tr achea , v i rus  growth occurred o n l y  i n  

fibroblasts o f  the lamina p ropr i a  a n d  serosa . Cytomegalov irus  

( Mantyj arv i ;  e t  al . ( 1 97 7 ) , human par a i nfluenza type 3 v i ru s  ( Kl e i n  

& Col l i er , 1 97 4 ) and bov i ne adenov irus  type 3 ( Bouffard & Derbysh i r e , 

1 978 ) a l l  were shown to have a c lose as soc iation  with ep i the l i al c e l l s  

onl y .  

The changes  which  occur i n  epithe l i al cells  when they are 

prepared for t racheal organ c ultures apparently do not hamper the 

growth o f  many v i ruses  and many of the responses whi ch norma l l y  affect 

growth o f  organi sms in v i vo are absen t . Thi s  makes i t  pos s i b le to 

study the direct  e f fect of  the organ i sms on  the t i ssue  and to 

determine the role  o f  indi vidual  defens i ve r eactions ( Reed , 1 976 ) . In  

the absence o f  c i rculation , all  b lood -borne factors i nclud i ng serum 

ant i bod y and c e l l u lar  responses  are l i mited , as are  the e ffects of  

changes i n  vascular  permeab i l i t y  ( Finkelstein ; e t  al . 1 972 ) . 

However , organ c ultures are able to respond to v irus  i n fection  as  

normal t issue may do i n  v i vo ,  by produc ing i nter feron ( Somord i nt se v ,  

1 96 8 ; Reed , 1 96 9 ; Fulton & Pearson , 1 9 80 ) .  

Experience v ar i es regar d i n g  the secreti on of  locally  produced 

ant ibody by tracheal organ cultures  fol lowing v i rus i nfec tion . 

Cesar i o ; et al . ( 1 97 0 )  found that organ cultures made from the 

tracheas of  rats  which  had recently  r ecovered from an act i ve i n fect ion 

of  para i n flue n z a  1 v irus  ( Se nd a i  s t r a i n ) ,  and which m ight be e xpected 

to show some i mmu n i t y , were ful l y  suscep t ible  to a small dose o f  the 

homologous v irus . Simi larl y ,  work with  Newcastle d isease  v irus 

produced no e v idence to i mplicate  antibody as  a regulatory factor in 

the estab l i shme n t  or maintenance o f  persis tence i n fection  o f  embryon i c  

chicken tracheal organ c u l t u r e s  ( Chumm i skey ; e t  al . 1 97 3 ) . On the 

other hand , Heuschele and Easterday ( 1 97 0 ) ; Finkelstein ;  et al . 

( 1 972 ) ; Schmi d t  and Massab , ( 1 974 ) and Schmid t ;  et a l . ( 1 974 ) 

estab l i shed that tracheal cultures  from chickens i noculated with  

in fluenza A v irus  secreted antibody and were resistant  to  homologous 

v irus  i n fection . 

4 . 3 . 1 MAMMALIAN VIRUSES 

Much of  work with mammal i an v iruses  i n  recent years has  i nvolved 
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the use o f  l aboratory anima l  organ cultures  to study the pathogenes i s  

o f  human respiratory d isease . U t i l i z ing transmiss ion 

electronmicroscopy , Wes terberg ; e t  al . ( 1 972a ) studied the 

pathogene s i s  of i n f luenza v irus i n fection  in mouse tracheal organ 

cultures . Influen za  v i rus  was shown to rep l icate  and p roduce 

c i l iostas i s  with  progressive  damage to the epith e l ium which  resulted 

in complete desquamation . Immunofluorescnce comb i ned with l i ght and 

electron microscopy have been used to s tudy human parainfluenza v i rus 

in fection i n  hamster tracheal organ cultures . The organ cultures 

clearly  supported replication  o f  the v i rus and i n fected tracheal 

explants  exhib i ted spec i f i c  cytopa thologi c a l  changes ( Klein  & Col l i e r , 

1 97 4 ) . Manty j arv i ; et al . ( 1 97 7 )  asses sed the pathogen i c i ty of  

mur i ne cytomegalov i rus i n  mouse tr acheal organ cultures . In these 

stud i e s  cytomegalov i rus produced cytopatholog i c  

characte r i s t i c  cytoplasmic i nclusions . Nedrud ; 

changes 

et al . 

w i th 

( 1 979 ) 

succ e s s fully  d emonstrated the cellular  bas i s  for suscept i b i l i t y  to 

mouse c ytomega lovirus  u s i ng tracheal organ cultures . When cultures 

from suscept ible  mice  were i n fected w i th this v ir u s , characte r i s t i c  

cytopathi c e ffects developed , whi le , tracheal organ cu ltures produced 

from genet ical l y  r e s i stant mice  cons i stently  fa i led 

s i gn i f i cant v i rus cytopath i c  e ffects . 

to develop 

Studies  of the e ffects  of resp i ratory s yncyt i a l  v i rus on ferret  

and foetal  human tr acheal organ  cultures were  made by  Henderson ; et  

al . ( 1 978 ) . In  these experiments , the s ites and morpholog i c  

consequences o f  v i rus  replication  d i ffered marked l y  i n  these two 

di fferent  spec i es . In  human tracheal  cultures , synthe s i s  o f  

respi r atory syncyt i a l  virus occurred i n  a population  o f  c i l i ated 

epith e l i a l  c e l l s  where the v i rus  produced i ts cytopath i c  changes . In  

fer r e t  tracheal cultures v irus  growth and  cytopathi c  e ffects occurred 

in  fibroblasts o f  the l amina propr i a  and s eros a . 

A l i mi ted number of stud i e s  o f  ruminant v iruses have been made 

us i ng tracheal organ cultures . Bou ffard and Derbyshire  ( 1 978 ) 

exam i n ed the e f fect of  bov ine  adenovi rus  type 3 ( BAV-3 ) i n  this  

system . The growth curve o f  BAV-3 i n  bov ine trache a l  organ cultures 

showed that the v irus rep l i cated , was m a i n l y  cell-associ ated and 

per s i s ted i n  the cultures . I t  produced h i s topatholo g i ca l  changes i n  

the e p i the l i um i nc lud ing  intranuclear i nc l us ions . The d i rect  

immunopero x idase  react i on demonstrated that the  virus  r e p l i cation s i t e  
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was  on l y  i n  epithe l i a l  c e l l s . Ultras t ructural s tud i es demons trated 

that BAV-3 i n duced three d i f ferent t ypes of intranuclear i nclus ions . 

A highly  electron-d ense , granu lar mate r i al o f  low e l ectron-dens i t y  and 

sma l l  c i rcular  ver y dense bod ies . C ampbe l l ; et  a l . ( 1 979 ) i nfected 

foetal  lamb t r achea l  organ cul tures with  ovine adenovirus  t ype 2 .  

Thi s  v irus produced marked e f fects on c i liar y  act i vi ty and i nfected 

e x plants developed epithe l i al hyperplas i a , foca l  eros ions and 

i nt ranuclear inclus ions . 

Fluorescent-label led ant i body techniques have been used b y  Chia 

and Savan ( 1 97 4 ) to study the pathogenes i s  o f  i n fectious bov ine  

rhinotrache i t i s  v irus  i nfect i on in  bov ine  foetal tracheal organ 

culture s . A decrease i n  c i l iary  act i v i t y  and cytopatholog i c  e ffects 

were the main f i nd i ngs in t h i s  stud y .  

Ssentongo ; et  a l . ( 1 98 0 )  studied bov ine  v iral  

d i ar rhoea-muco s a l  d i sease v irus  i n fection  i n  bov ine  foetal  t racheal 

organ culture s . The effect of  the v i rus  was assessed b y  observing 

c i l i ar y  act i v i ty and h i s topatholog ical  changes . There  was progr es s i ve 

decrease i n  c i l i ar y  act i v i t y  and the epithe l i a l  degenerat ion 

progressed to complete destruct ion . 

4 . 3 . 2  AVIAN V I R USES 

Avian i n fectious bronch i t i s  v i ru s  ( IBV ) has  been the most 

commonly  stu d i ed avian v irus  using the organ c ul ture t echni que . 

Colwel l  and Lukert ( 1 969 ) e x am i ned the e f fects of  s e veral d i f ferent 

serotypes of I BV in cultures of chi cken tr achea . E xtens i ve 

c ytopathology was obser ved i ncluding rounding  and s loughing of  

c i l i ated epithe l i a l  cells  and there  was complete cess ation o f  c i l iary  

movement . In  thi s  study , the  spec i f i c i t y  o f  i n fect ion was  con fi rmed 

by f l uorescent ant ibod y tech n ique . Darbyshi r e  ( 1 980 ) , e x ami ned the 

effects of seven strains  of IBV on t racheal cultures  obt a i ned from 

vacc inated and unvacc inated b i rd s . He observed that there were no 

d i fferences in suscept i b i l i ty between the d i f ferent levels  of the 

trachea in  any  i n d i v idual  chicken . 

The i n f luence of  t emperature o f  i nc ubation on chicken  embryo 

tracheal organ cu ltures i n fected with  s t r ains  o f  I BV were e xamined b y  

Yachida ; et  a l . ( 1 98 1 a ) . In these e xper i ments some I BV s t r a i ns were 
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s l i ghtly  more c i l iostatic  a t  40°C than a t  37°C .  

Dutt a  ( 1 97 5 ) uti l i zed scan n i ng e l e ctron microscopy to e x amine 

the morpholog i c a l  changes with  IBV . He noted that the columnar 

ep i thel i a l  cel l s  l ining  the tracheal r i ngs  lost the i r  c i l i a  and 

rounded up . There  were numerous elevations  and ho les on the i n fected 

cell surface and subsequent l y  the cells  s loughed . 

One of the important s tudies  u s ing  chicken t racheal organ 

cultures was made b y  Cook ; et  al . .  ( 1 976 ) . These  authors  assayed 

IBV in emb r yonated eggs and chi cken embr_yo _ t r a_cb�al _ organ cultures_ an_cL 
found that the t i tres  obtained wer e  very  s i m i l ar . Because c i l iostas i s  

i s  a n  excel lent marker o f  i n fect i vi ty , these  i nves ti gato rs  suggested 

that chicken emb r yo tracheal organ c ultures  cou ld o ffer a rel i able  

alternative  system to  embryonated eggs  i n  assaying I BV .  

The i nfect i v i t y  o f  strains  o f  I BV ,  i n fect ious laryn gotrachei ti s , 

Newcastle d i sease virus , avian adenov i r u s  and inf luenza  v i rus were 

tested i n  trachea l  explants b y  Butler  and El laway ( 1 972 ) . Mos t  of the 

virus strains hal ted the act ion o f  the c i l i a  and the authors  concluded 

that c i l ios tas i s  could be used as  a measure of the i n fec t i vi t y  of the 

virus  pool . Recen t l y ,  another compar a t i v e  s tudy was made b y  Yach ida ; 

et a l . ( 1 98 1 b ) , who exam i ned the e ffects o f  IBV ,  Newcastle  d i sease  

v i ru s , and  infect ious laryngotrachei t i s  v i ru s , _ on  the c i l iosta s i s  

patterns  o f  tracheal organ cultures . However , the resu lts obtained 

from these stud i e s  were rather con flict i ng . V iruses whi ch are known 

to be  non-pathogenic  such as  adenovirus  had only a mild  e ffect on the 

c i l i ated epithe l i um ;  whi le some strains  of  i n fectious  

laryngotrachei t i s  v irus  were c i l ios tat i c  e ven although they were  known 

to be  non-pathogenic  Cook ; et  al . ( 1 976 ) . Thus , the use  of tracheal 

organ culture techniques in assessing the v irulence of d i fferent 

viruses  seems unr e l i able  a l though i ts use i n  assaying  d i fferent 

str a i ns of  one v ir u s  has  been accepted . 

Duck tracheal  organ cultures have a l so been used to study a v i an 

respi ratory v iruse s . Kocan ; e t  a l . ( 1 9 7 8 ) used l i ght microscopy and 

transmission  e l ectron microscopy to observe the c ytopathological  

changes associated with  type-A i nflue n za v irus i n  Mal lard 

tracheal organ cultures . 

d uck 
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Chicken tracheal  organ culture has rece n t l y  been  used  for  the 

detection of I BV as a contaminan t  of  vaccine  ( Ni cholas ; et  al . 

1 98 3 ) .  Resu l t s  showed that the techn i ques capable of  detect i ng both 

strains  of  I BV wer e , in order o f  sens i t i vi t y ; the fluorescence  

ant i body tes t , c i l i o s t a s i s  o f  t r acheal organ cultures and d i rect  

electron  microscopy . 

• 
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Although the bas ic  structure of the mammalian  tracheobronch i a l  

epithel ium a n d  l amina propri a  h a s  be�n- known for t h e  . last --Q-e-fltlH'y , ­

cons iderable advances i n  understand i ng have been made i n  the last  

three  d ecades , with the  i ntroduct ion  of  the  transmi ss ion  e l ectron 

microscope ( TE M )  and , l atter l y ,  the scanning  electron microscope 

( SEM ) . 

Eleven d i fferent cell  t ypes , n i n e  epithe l i a l  and two mesenchymal 

have now been ident i f i ed in the tracheobronchi a l  epithelium o f  

mammals . The u ltrastructural  d i f ferences between these c e l l  types in  

var ious spec i e s  has been reviewed b y  Breeze ; et  a l . ( 1 9 76 ) . Only  

three  s tudies  ( Je ffery and Rei d , 1 9 75 ; Kennedy ; et  a l . 1 978 ; Pack ; 

et  al . 1 98 1 ) have systematical ly e xamin ed pulmonary a i rway epithe l i al 

morphology and the d istr ibut ion of cell  types with i n  the 

tracheobronchi a l  tree . Thes e  s tud ies  were conducted on the l ung o f  

laboratory animal s us ing l i ght m icroscopy and TEM . 

The normal mammalian  respi rato r y  system has p roved to be an 

excellent  subj ect for morphological  and topographical  studies  u s i ng 

the SEM . Aga i n  the investigations  were mai n l y  on l aborator y anima l s , 

i nc l ud i ng the hamster ( Nowe l l  and Tyler , 1 97 1 ) ,  r a t  ( Kuhn and Finke , 

1 972 ) , mouse ( Greenwood and Holl and , 1 972 ; Kuhn and Finke , 1 972 ; 

Andrews , 1 974 ) , rabbit  ( Wang ; et  a l . 1 973 ) , and non-human p r i mates 

( Castleman ; et  a l . 1 975 ) , although the dog ( Gron i o wski ; et  a l . 

1 972 ) , man ( Wang and Thur lbec k ,  1 970 ) and cattle ( Mariassy ; et  al . 

1 975 ) have a l so been stud i ed • 

• 

The purpose of  the present s tudy was to systema t i c a l l y  e xamine 

the tracheobronchial airways of normal sheep at five  d i fferent  level s .  

I t  aimed to d etermine the c e l l  types present at each level  and f i nd 

the i r  d istribution  and frequenc y .  The c e l l  types were  character ised  
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by  the  l i ght m icroscope and  TEM . I n  add i t ion , the SEM  was  used to 

study sur face morphology and inves t i gate three d imensional  cellular 

relat ionsh ips . Since no SEM studies o f  the ovine alveolus have 

pre v i ously been reported , the present study of  topographic morphology 

was also e xtended to th i s  region . 

2 . 0  MATERIALS  AND METHODS 

2 . 1 COLLECTION OF LUNGS 

Lung s  together with the trachea were col lected from s i x ,  5 to 1 0  

month old l amb s s laughtered at a local meat works . Each lung was 

ex ami ned macroscopical l y  and a l l  ful f i l led the requi r ement for normal 

lungs and t rachea . An i ntratracheal  tube , mod i fied by connection  of  a 

plastic  adapter to the cuff end , was introduced as far as the 

bronchial  b i furcation . One of  the main  bronchi was clamped with 2 

pa i r s  of  artery  forceps , an i nc i s ion was made between these and the 

lung was removed . The trachea and attached lung were f i l l ed 

immed iate l y  with approx imately  800  ml  of  1 %  Karnovsky ' s  f i xat i ve 

( Appendi x  2 . 1 )  using  a syr i nge u nt i l  all  the lung marg ins  became 

d i stended with fixat i ve . They wer e  then fi xed by i mmersion  for a 

further 1 2  hrs . Tissues were selec ted from fi ve levels  o f  

tracheobronch i a l  ai rway and l ung parenchyma ( Fi g .  2 . 1 ) .  These were : 

The first  and/or second r i ngs o f  the upper trachea ( Level 1 ) ;  the 

last two r ings  before  trachea l  b i furcat ion ( Level  2 ) ; the 

e x trapulmonary  bronchi ( Level 3 ) ; the intrapulmonary bronch i ( Level 

4 )  and a p iece o f  parenchymal t issue  for e xami nation of small bronch i , 

bronchi o l i  and alveoli  ( Level 5 ) . Thes e  were then p l aced i n  fi xative  

and  cut into  smaller  s i zes suitable  for  l i ght , TEM and SEM . They  were 

washed in phosphate b uffered sal i n e  ( PBS ) and processed as described 

below . 

2 . 2  L IGHT MICROSCOPY 

The parenchymal t issues were processed in the usual  manner and 
• 

embedded i n  paraffi n . They were cut  at 4 - 5 urn and routinely  stained 

with per i od i c  acid-Schi ff ( PAS ) tech n i ques to study the reac t ion o f  

Clara cel l s  t o  PAS . The h is to logical  sections were prepared as 

d i sc r ibed i n  TEM • 



• 

Figure 2 . 1 

D i agrammat i c  representation o f  the tracheobronch i a l  

ai r ways o f  sheep showi n g  t h e  s i tes selected f o r  study • 
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2 . 3  SCANNING ELECTRONMICROSCOPY 

After further washing in two changes of cold , 0 . 1 M  PBS , pH 7 . 2  

at 4°C for one hour , the tissues were cut i nto approx imate l y  4 mm2 and 

d ehydrated in graded alcoho l solutions  o f  25 , 50 , 75 , 95  and twice i n  

1 00%  at room temperature for 20 m i n  each . The d ehydrated t issue was 

dried  in  a c r i t ical  drying apparatu s  ( Polaron E3000/Se r i es 2 ) . All  

the t i ssue samples  were  mounted o n  a l uminium  s tubs with s i lver  

conduct i ng paint , coated with 200 A gold b y  rout i n e  methods and 

e x am ined under. a Cwi kscan/ 1 00 f i e l d --- emission -�- scann-i ng- --e-1-eet-ron -­

micro scope . The tracheobronchi a l  specimens ( first  four level s )  were 

mounted , ep i thel ium face up , whi le the parenchyma! t i s su e  was 

fractured with a blunt  kni fe and the smal l p i eces mounted . 

2 . 4  TRANSMISSION ELECTRONMIC ROSCOPY 

Spec i mens for TEM were washed and fi xed in s imi lar  manner for 

SEM , then cut i nto 1 mm2 pi eces and post-fi xed in 1 %  osmium tetrox ide  

( Appendix  2 . 2 ) i n  0 . 1 M  PBS , a t  pH 7 . 2  for  one  hour  at 4°C .  After 

washi ng and dehydrating  in alcoho l in the same manner as used for SEM , 

the t i ssues were i n f i l trated with propylene oxide  for 20 m i n . and 

then p laced for 1 2  hr i n  propylene o x ide with 25% resin  o n  a s t i rrer . 

The t i ssues were then embedded i n  fresh prepared 1 00%  epoxy resin  and 

left for 48 - 72 hr at 60°C to polyme r i s e . One to two micron sections 

were cut from each block and picked dry off  the glass k n i fe with an 

eyelash . They wer e transferred onto a drop of water on a glass  s l ide 

and then heated o n  a hot plate  at 8 0°C unt i l  the water evaporated . 

The thick sect ions were immed i a t e l y  covered with a drop o f  1 %  

tol u i d i ne blue  and heated o n  hot p l a t e  at 80°C unt i l  the d rop  o f  stain  

ev apor ated at the  edges . After  this  they  were washed thoroughly with 

d i sti l led water , d r i ed and mounted in Depe x . These thick sections 

were then e x am i ned under  the l ight microscope both to eval uate the 

hi stological features o f  normal structure and determi ne areas of 

i nterest for electronmicroscopy . Fol lowing this  the b lock face was 

tr i mmed down to an area  of i nterest for u ltra-thin  sect ion i ng . Thi n  

sections were cut o n  a LKB I I I  ultramicrotome , s tained with  aqueous 

uranyl acetate and lead c i tr ate ( Append i x  2 . 3 ) , for 1 0  m in .  e ach and 

examined on a Phi l i ps EM20 1 C  transmission  e l ectron microscope . 
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3 . 0  RESULTS 

3 . 1  HISTOLOGY 

Light m i croscopy showed that the l i n i ng ep ithel ium of the 

t racheal and bronch i a l  a i rways con s i sted of pseudostrat i fied c i l iated 

columnar and goblet cel l s . In 1 urn thick sections , a l l  epithel ial  

cells  at  a l l  tracheobronchi a l  levels  s t a i ned with  tolui d i ne b lue , but 

with varyi ng i ntensity ; 

.weakly than that of  

the  cytopl asm o f  c i l i ated cells  stai ned more  

non-c i li ated and basal- .ce-1-l s .-- Fr.om the-sma-ll--

bronchi d i s t al l y ,  the a i rways were  l i ned by  low columnar or  cuboidal  

c i l i ated and non-c i l i ated c e l l s  with  only  occas ional basal  cell s  

observ ed . The var ious levels  exam i ned a r e  descr ibed below.  

3 . 1 . 1  TRACHEA ( LEVELS 1 & 2)  

Two types o f  c i l i ated c e l l , d i ffer i ng i n  the length o f  thei r  

luminal  c e l l  border , and the nature  o f  the i r  nucleus and c ytoplasm 

were ident i fied . The first t ype , whi c h  was the mos t  common , had a 

narrow lum i n a l  border and the c ytoplasm sta ined l ight b lu e  and 

conta i ned a large number of  v acuoles  • The nucleus of the first  type 

was l arger than the second type . It was eccentrica l l y  placed and 

cont a i ned a prominent nucleo l us , or occas iona l l y  two nucleol i .  The 

second type had a wide luminal  border and the cytoplasm s t a i ned more  

darkly wi th tol u i d i ne blue than  the f i r st type . It con t a i ned fewer 

cytoplasmic vacuo les and these were found mainly  at the base of the 

c e l l . The nucleus was rounded , centrally  p laced and its nucleolus was 

less  prominent  ( Fi g . 2 . 2 ) . 

There were approx i mate l y  f i v e  c i l i ated cel l s  to every  goblet  

cell  in  the  upper  trachea or  one t o  four  in  the lower trachea . Goblet  

cel l s  stai ned dark blue  with  t o l u i d i ne blue and con t a i ned a large 

number of  faint  blue granules whi ch var i ed in s i ze and colour dens ity . 

Two groups of  cells  wer e  found att ached to the basa l  lamina  but 

d id not extend to the lum i n a l  sur face . The first type wer e  identi fied 

as basal c e l l s  by  the i r  sma l l , t r i angular  to oblong shape , small  oval  

nucleus and  dark blue cytopl asm . The  second  catego r y  i nc luded a sma l l  

number of  c e l l s  whi ch could n o t  be c lear ly  ident i fied  as belonging to 
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any definite  group . The y varied i n  the dens i ty o f  cytoplasm and shape 

of  the nucleu s . Some had a l i ght cytoplasm and an oval  nucleus . They 

wer e  wedged between c i l i ated cells  and thus resembled i ntermed i ate 

cel l s . Other s  had a dark cytoplasm with dark granules and resembled 

secretory ce l l s  ( Fi g .  2 . 2 ) . 

I n  the lower trachea , the d i fferences between the two types o f  

c i l i ated ce l l  were l e s s  prominent than i n  the upper trachea . All  

c i l i ated cel l s  stai ned a s imilar colour density . The globules  o f  the 

goblet  cells in  this  region were more  promi nent and stai ned darker 

than in the upper trachea . 

3 . 1 . 2 BRONCHI ( LEVELS 3 & 4 )  

Both the e x tra- and i nt rapu lmon ary bronchial  e p i thel ium 

con s i sted o f  c i l i ated , goble t , i nt ermed i at e  and basal c e l l s , which 

appeared hi sto log ically  the s ame a s  those i n  the lower t rachea . 

However , the numbe r  of basal and i nt e rmed i ate cells  a nd the height of 

the ep i the l ium  were red uced ( Fi g .  2 . 3 ) . 

There were appro x i mately five  c i l i at ed c e l l s  for every  gob let 

c e l l  in extr apulmonary bronchi and seven c i li ated cells  for every 

goblet  cell in  the sma l l  bronchi .  The goblet  cel l s  at these two 

levels  had mor e  granu les than at levels  & 2 ,  but  they  were  of  

s im i lar s i ze and variab l e  colour dens i t y  ( Fig . 2 . 3 ) . 

3 . 1 . 3 BRONCHIOLI ( LEVEL 5 )  

The epi the l ium o f  the pr imary bronchiole  was character i sed b y  a 

s i ngle  low co l umnar to cuboidal  layer o f  c e l l s  and b asal  c e l l s  were no 

longer observed . 

and Clara cel l s . 

Three cell  t ypes were r ecogni sed ; c i l i ated , mucous 

Clara cel l s  which were cubo idal  i n  shape with a 

cen t r a l l y  placed nucleus , proj e cted the i r  apices into  the a irway l umen 

abo v e  the apices of the c i l i ated c e l l s . The i r  cytoplasm s t a ined more  

den s e l y  than that  o f  c i l i ated c e l l s  and the apex and  l ateral  port i ons 

o f  the cell were fi l l ed with v ar i ab l e  numbers  of smal l ,  dark blue 

granules  which  were cons iderably sma l l e r  than those o f  mucous cells  

and they were PAS  pos i t i ve . The epithel ium  o f  the terminal  bronch i o l i  

con s i s ted o f  o n l y  two cell  t ypes ; Clara  and c i l i ated cel l s . I t  was 

est i mated that approx imately one Clara  c e l l  was present for every  
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three c i l i at ed �nchiolar  epithe l i a l  c e l l s  ( Fi g . 2 . 4 ) . 

3 . 2  TOPOGRAPHICAL MORPHOLOGY 

3 . 2 . 1 TRACHEA ( LE VELS 1 & 2 )  

Cili ated cells  predominated over  the majority  o f  the tracheal  

surface , with  a s li ghtly greater d e ns i ty i n  the upper trachea . Among 

the c i l i a  were i nt erspersed s i ngle non-c i l i ated cel l s  par t icularly  i n  

the lower t rachea ( Fig . 2 . 5 ) . The mucosal surface of the 

non-ci liated c e l l s  was covered by  short  microv il l i _ and d i �  _ oat ­

protrude i nto the l umen ( Fi g . 2 . 5 ) . Secretory openi ngs o f  submucosal  

glands  were obser ved espec ially  a t  the  upper  t rachea ( Fi g . 2 . 5 ) . 

Because of  the high  dens ity o f  the c i l i a  i t  was difficult  to clearly  

observe  gobl e t  cells  on the  mucosal  sur face ( Fig . 2 . 5 )  

3 . 2 . 2  BRONCHI ( LE VELS 3 & 4 )  

As i n  the trachea , c i l i ated c e l l s  predominated o ver the major i t y  

of t h e  surface b u t  t o  a lesser e x t e n t  a n d  the i r  c i l i a r y  dens ity  was 

greater  in  the larger bronchi ( Fi g . 2 . 6 ) . S ingle non-c i l i ated cel l s  

were scattered throughout the c i l i a r y  carpet ( Fi g . 2 . 6 ) . The l umi nal  

surface of the non-c i l i ated cells  had very  few micro v i l l i  and showed 

large pits  or pores open ing  onto the surface ( Fi g . 2 . 7 ) . 

3 . 2 . 3  BRONCH I OLI  ( LEVEL 5 )  

I n  contrast  to the bronchi , the bronchiolar  mucosa was composed 

of approximate l y  equal numbers of c i l i ated and non-c i l i ated cel l s  

( Fi g . 2 . 8 ) . The c i l i ated cel l s  had s l ightly shorter c i l i a  than those 

in the bronchi  and trachea . They also d i ffered from thei r  bronchi a l  

counterparts  b y  having shorter a n d  mor e  numerous micro v i l l i  ( Fi g .  

2 . 8 ) . However , the number o f  c i l i ated c e l l s  decreased gradually  

toward the a l veolar  duct . Three  types of  non-c i l i ated c e l l s  were 

r ecogni sed . The most common t ype had a granular surface with  few very  

short m icrov i l l i . The central por t i on o f  the c e l l  occasional l y  

protruded i n to the a i rway ( Fi g . 2 . 8 ) . The second type of 

non-c i l i ated c e l l  was smooth over  mos t  o f  i ts surface and protruded 

i nt o  the a i r way . I t  had a very few shor t , micro v i l l i  and possessed 

p i ts and pores ope n i ng onto the sur face ( Fi g . 2 . 8 ) . Secretor y  



Figure 2 . 2  

The epi the l i al surface o f  normal trachea stained with  

tol u i d i ne blue . Two types of c i l i ated c e l l  are present .  The 

first  type ( CF )  has a narrow lumin a l  border and the cytop lasm 

sta i ns l ight blue . The second type ( CS )  has a wide l uminal  

border and the cytoplasm stains  more  darkl y .  Goblet  cells  ( G )  

sta i n  dark blue and contain  a l arge n umber o f  fai n t  b lue 

granule s . Basal cel l s  ( B )  and intermed i ate  cells ( I )  are 

attached to the basal l amina but do not e x tend to the l uminal  

sur face . Tolui d in e  blue . X 3 1 2 . 

Fi gure 2 . 3  

Bronch i a l  e p i thel ium cons i s t i ng o f  c i l i ated cel l s  ( C ) , 

goble t  c e l l s  ( G ) , i n termed iate cel ls ( I )  and basal cel l s  ( B ) . 

It i s  hi stolog i c a l l y  simi lar  to the lower trachea although the 

he ight of the epi the l ium is r educed . To l u i d i n e  blue . X 3 1 2 .  

Figure 2 . 4  

Bronchiolar  epi thel ium of normaL 

ce l l  types ; c i l i ated ( C ) , mucous 

Tol u i d i n e  b lue . X 1 250 . 
' 

w � s  
l un g�composed o f  

( M )  a n d  C lara 

three 

( C l ) . 

. I 





Figure 2 . 5  

The epi the l i a l  sur face o f  normal trachea . Dense c i l i a  

cover most  o f  the sur face , but among them a r e  i nterspersed 

s ingle non-c i l i ated cel l s  ( N )  and secreto ry  openings  ( S ) o f  

submucos a l  glands . SEM . X 670 . The i nset  figure shows the 

mucosal  sur face of a non-c i l i ated cel l covered by short  

microv i l l i  ( arrow) . SEM . X 8000 . 

Figure 2 . 6  

The epithe l i a l  sur face o f  a normal bronchus . C i l i ated 

cells p r edominate over the maj o r i ty of the s u r face but a l arge 

number o f  non-ci l i at ed cells  ( ar rows ) are a l so present . SEM . 

X 1 335 . 





Figure 2 . 7  

The surface o f  non-c i l i ated cel l s . Very few micro v i l l i  

are present  ( MV )  and large p i t s  or  pores ( P )  open onto the 

sur face . SEM . X 5700 . 

Figure  2 . 8  

The epi thel ial  sur face o f  a normal bronch i ol e . A 

m i x ture  o f  c i l i ated cells  ( C ) , Clara cel l s  ( Cl ) ,  cel l s  with a 

granular surface ( G )  and cel l s  with micro v i l l i  o n  the i r  

luminal s u r face ( bl ack arrow i n  inset  figure ) can be  seen . 

The empty b l adder-like structure may be  an evacuated Clara  

c e l l  ( arrows ) .  SEM . X 6000  ( Inset  X 4000 ) . 
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material  fixed  i n  situ was somet imes attached to the sur face of these 

cel l s  ( Fi g . 2 . 8 ) . A moderate number of  these cells  appeared to be 

evacuated and had an empty b l adder-l ike appearance ( Fi g . 2 . 8 ) . The 

morphology o f  these cells  was cons i stent with that o f  Clara  cel l s .  

The third  non-c i l i ated c e l l  t ype had microv i l l i  which  completely  

covered its  mucosal sur face . Ce l l s  o f  t h i s  t ype  were only  

occas iona l l y  seen in  any g i ven area ( Fig . 2 . 8 ) . 

3 . 2 . 4  ALVEOLI 

Three  c e l l  t ypes were observed in the a lveol i . The majo r i ty o f  

t h e  alveolar  surface was covered by flattened , smooth-surfaced 

squamous ( type I )  epithe l i a l  c e l l s  ( Fig . 2 . 9 ) . Smal l  proj ections 

were somet imes seen irregular l y  d i st r ibuted over  the surface of these 

c e l l s . 

The second type of  epithe l i a l  c e l l , the granular  ( type I I )  

pneumocyte , usually  l i ned o n l y  a sma l l  por t i on o f  the s eptum . I ts 

s u r face protruded i nto the alv eo l a r  l umen and was covered b y  many 

micro v i l l i  ( Fi g . 2 . 9 ) . The third  type o f  cel l s ,  the a lveolar 

mononuclear  phagocyte , was rarely  observed . 

A notabl e  charact e r i s t i c  o f  the o v i ne a l veol a r  wal l  was the 

pau c i ty of  i nteralveolar  pores of Kahn ( Fi g .  2 . 9 ) . The i r  frequency 

was appro x imately one per  twelve  alveoli  exam ined . 

3 . 3  CELL TYP E S  AND ULTRASTRUCTUR E  

Ten d i fferent epi thel i a l  c e l l t ypes were iden t i f i ed i n  t h e  ovine  

t racheobronchi a l  epithe l i um .  A l l  c e l l s  were attached to the  basement 

membran e , but not all reached the a i rway l ume n . The u ltrastructural 

features of these cells are summar i sed in  Tabl e  2 . 1 .  

3 . 3 . 1  C I LI ATED CELLS 

C i l i ated  cells  wer e  rough l y  columnar  in shape e xcept in sma l l  

bronchi and bronch i o l i  where  they became low  col umnar or  c uboid a l . 

The y  were approx imately  20 urn long  and 7 urn wide , t apering  towards the 

base where  they were attached to the basement  membrane  ( Fi g . 2 . 1 0 ) . 

The base lateral  c e l l  surfaces formed i nterd i gitat ions  with  adj acent 



TABLE 2 . 1 :  SU"�AR1 Of THE ULTRASTRUCTUR A L  fEATURES Of TRACHEOBRONCHIAL EPITHELIAL CELL TYPES IN NORHAL SHEEP 

CELL TYPE 

C I L ! Ai£0 CELLS 

f i R ST TYPE 

SECCNO TYPE 

Not;-C I L I ATED CELLS 

SECRE70R1 CELLS 

GOBLET CELLS 

F I RS'; TYPE 

SECOND TYPE 

UN� �;CJ'.IN SEC R ETOR Y  
CELLS 

f i �ST THE 

SECOND TY?E 

CL A R A  CELLS 

NON-SECRETOR! 

CELLS 

BRUSH C ELLS 

T Rt..CHEAL 

BRONCHIAL 

BA�AL CELLS 

1NT£R��Dl,;  T[ C ELLS 

SITE CELL SHA PE CYTOPLASM NUCLEUS 

l 1 -L5 Columnar and low El ec tron-den se , Ro unded or ova l 

colu:nnar or cuboidal compared to w i t h  prom i n e n t  

at sm a l l bronchi and the second type . l a :- g e  n u c l eo l us . 

br-onch i ol i .  

L 1 &.L2 A s  for f i r s t  t ype 

L 1 -LS Co lwr:nar to low 

c o l ur.ma r  

Ele c tron-lucent Sar.-:e ou fir.st 

compared to 

t h e  fi r3t ty�e . 

Con t a i n  sma l l  

h ono g e n i s ed 

e l e c t r o n -d e n s e  

g r a nu l � ! . 

type 

! :- r e £ u l a r  or o v a l  

w i t h  sma � l 

nuc 1 ec l u s .  

VESICLES O R  VACUOLES 

Numerou.s v e s i c l e s  

i n  t h e  lower p a r t  

o r  t h e  c el l .  

Not comr.�on 

Not c c r.-,t� o :l  

L 1 &. L2 As  ror f1�.st t ype Granule� l e.ss 

e l e c tron-dens� 

Sar-:e as rtrst t ype Sot CO:'"\rriOn 

L 3  Columr:ar 

L3&L" Ta l l ,  tl". i n  
a n J  1 r r e;ul a r 

LS Low co! ur.�r,ar to 

cuboi dal . 

L 1 & �2 Col ull'!n a r-
LU&�S Colu:-�nar or low 

c:>lU:':'!:"Iar 

L 1 -cS l r r � s u l a r  

L 1 -L t.l  S;>i n d l �  

t h a :-:  f i r.st type . 

El ec tr o n -d en se 

con t a i n i ng 
muc•.J s - l t � e  
tr a nu l e s . 

Roun � ed 

E l e c t r :m - d e ns e .  Not i d e n t ! r t �d 

E i e c t r o n - l u c � n t  f l a t t e n e d  or-

w i t h  l arge 

a�.Junt o f  S E � . 

rou nd ed 

E l ec:.ron-de :1 s e . �ounded or O 'o' a l  

M o d e r a t e l y  Rcunded or o v a l  

( 1 ec tron-d e n s e . 

Not CO!T.mOn 

Var i a b l e  number 

o r  v a c u o l e s .  

V a r i a b l e  num!J�r 

of v a c u o l e s  

F e ..,  v ac u c l e .s  

N o t  COr.!'flOM 

Mod e r a t e l y  

e l e � tron-dense o 

Lar g e  anc: i nden t ed No:. C0!:':!'10n 

Sa:r1e as ha .sal 
c e l l s  o 

P.ounded or o v a l  N o t  com:roon 

LU1": !NAL SURFACE 

More c i l i a  and l ess 

m i c ro v i l l i  than 

.second type . 

More m l crov 1 1 1 1  but 

l e .s .s  c i l i a  th an f i r s t  

t y p e .  A typi c a l c i l i a  

fe·o� �n : � r o ·.-1 1 1 1  w i �h 

l a :- i e  s e c r e � o r y  

ope n i :-: g s  i n  t h e  r. -.i d d � e  

o f  the l urr. i n a l  � u r r ac e .  

Mot!erat� number o f  

r. d crov 1 l l 1 . 

Protruded tc tne lumen.  

few m i c r ov i l l i . 

L a r g e  number o f  

microv i l l i .  

N '  con tac t  w i t h  the 

l u n 1 n a l  s u :- !" ac e .  

Sa:ne as b a s a l  e e l  L s  o 



Figure 2 . 9  

Parenchyma o f  normal lung observed by SEM . Three  c e l l  

types c a n  be  seen w i t h i n  alveol i .  These a r e  smooth sur faced 

type I epithe l i a l  c e l l s  ( T 1 ) ,  granular or  type II pneumocytes 

( T2 )  and a lveo l ar macrophages ( AM ) . X 340 . The i n set f i gure  

shows a h i gher magni fication o f  the  type I I  pneumocytes 

( arrows ) . Note the low number o f  i nteralveolar pores o f  Kohn 

( K ) . SEM . X 1 000 . · 

Figure 2 . 1 0  

C i l i ated ce l l s  from a tracheobronchi al a i rway i n  normal 

l ung . Two types can be recogn ised . The first  type ( CF )  has 

numerous smooth vesicles  ( V )  i n  the upper part o f  the c e l l . 

I n  the second type ( CS )  the cytop lasm i s  more electron-lucent 

and the l uminal  sur face has less c i l ia ( C )  but more  

c ytoplasmic processes ( PR )  and  microv i l l i  (M )  than the  f i r s t . 

TEM . X 5440 . 
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cel l s , to which  attachments were made b y  d esmosomes . 

An irregular  i nterce l lular  space surrounded the c i l i ated cel l s  

except a t  the l uminal  surface where  t i ght j unctions were found ( Fi g . 

2 . 1 1 ) .  The cytoplasm was mor e  electron-lucent than that o f  mos t  

non -c i l i ated e p i thel i a l  cel l s  ( Fi g . 2 . 1 0 ) . I n  the lower part o f  the 

ce l l  there  were scattered pro files  o f  r ough endop lasmic reticulum 

( RE R ) , free  r ibosomes , a few tono f i l aments , smooth s u r faced vesicles , 

l ysosomes and g lycogen ( Fi g .  2 . 1 2 ) . The Golgi  appar atus was usua l l y  

s i tuated below t h e  nucleus , which was rounded or oval  i n  shape and 

con t a i ned a prominent  nucleolus ( Fi g . 2 . 1 2 ) . Most  of the m itochondr i a  

were found i n  the upper part o f  the c e l l , between the basal bod i es and 

the nucleus ( Fi g . 2 . 1 0  & 2 . 1 1 ) .  A large number of c i l i a  were found 

on the  luminal  sur face o f  each cel l , and i ntersper s ed between them 

wer e  micro v i l l i  and fine cytop lasmic processes . The free part of each 

c i l ium was covered by  cell membrane and contained an a x i a l  fi lament 

comp l e x  composed o f  nine  microtubular doublets arra nged i n  a r i ng 

around a central  doublet , and each c i l ium was anchored to the cell  

c ytopl asm by  a basal  bod y ( Fi g . 2 . 1 3 ) . 

Two types o f  c i l iated c e l l  were recogn i sed whi ch corresponded to 

those seen with the l i ght microscope . The first  cel l  type usually  had 

numerous smooth sur faced vesicles  in the upper part of the cell , just  

below  the  apical  row o f  b asal bod ies . The ves i cles  cont a i ned an 

amorphous materi a l  ( Fig . 2 . 1 1 ) .  I n  the s econd type the cytoplasm was 

mor e  e lectron-lucent particularly  i n  the lower part o f  the cel l . I t  

had l ess R E R , mor e  lysosomes a n d  more mi tochondr i a . The luminal  

surface had  mor e  m icrov i l l i  and cytoplasmic processes and less c i l i a  

than t he first  cell  type ( Fi g . 2 . 1 0 ) . These two t ypes o f  cell  were 

observed mos t l y  in the epithel ium o f  the upper trachea and were not 

seen i n  the bronchi and bronchio l i . However , the f i r s t  c e l l  t ype was 

mor e  common than the second by a ratio  o f  approximate l y  6 : 1 .  

Atyp i c a l  c i l ia wer e  observ ed occas ionally  in  the 

tracheobronchi a l  epithel ium . Usual l y ,  these consi s ted o f  two , three 

o r  mor e  true c i l i a  whi ch had fused to for m  g i ant b i zarre s tructures , 

enveloped by  the outer c e l l  membrane ( Fig . 2 . 1 3 ) . Atypical  c i l i a  

were observed mor e  frequently  in  the second type of c i l i ated cel l .  



Fi gure 2 . 1 1  

High  magn i fication  o f  the apical  part o f  a c i l i ated 

epithe l i al cel l . Most o f  the m itochondria  ( MC )  have 

accumulated near the apex . A large n umber o f  c i l i a  ( C )  are 

found on the luminal  sur face and interspersed between them are 

micro v i l l i  ( MV )  and fine cytop l asmic processes ( PR ) . An 

i rregul a r  i n tercellular space i s  present  between these c e l ls 

e xcept at the apical  part wher e  t i ght j unctions  ( T )  are 

observed . Large numbers o f  vesicles  ( V )  con t a i n i n g  an 

amorphous mate r i a l  are present near the surfac e .  TEM . X 

1 4 , 360 . 

Figure 2 . 1 2  

� 
High magn i fication o f  the lower part o f  a g roup o f  

c i l i ated c e l l s . There  are scattered profi les o f  rough ( R )  and 

smooth ( S )  endoplasmic reticulum , free ribosomes , smooth 

surfaced vesicles  ( V ) , lysosomes and glycogen parti cles  

( arrows ) .  The  Golgi  apparatus ( G A )  i s  si tuated below the 

nucleus ( NU )  wh i ch contains a prom i ne n t  nucleolus . TEM . X 

7 , 80 0 . The i n s e t  figure shows a h i gher magn i fication  o f  the 

Golgi  apparatus . TEM . X 7 , 800 . • 
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3 . 3 . 2  NON-CILIATED CELLS 

3 . 3 . 2 . 1  SECR ETORY CELLS 

3 . 3 . 2 . 1 . 1  GOBLET CELLS 

Gobl e t  c e l l s  d i ffered markedl y  in the s i z e  and con tent of the i r  

mucous granules . One type con tained homogeneous •ma l l  e lectron-dense 

gran u les  with a sma l l  number of r i bosomes ( Fi g .  2 . 1 4 ) . A second type 

con t a i ned  larger  and less e lectron-dense granules with  more r ibosomes 

than the first  ( Fi g . 2 . 1 5 ) . 
' 

Regard less  o f  the i r  type o f  granule s , the gob l et c e l l s  had a 

relat i ve l y  electron-dense cytoplasm , compressed i nto the lower cell  by  

the many  mucous granules and r i bosomes i n  the api c a l  cytoplasm ( Fi g . 

2 . 1 4 ) . The prese nce o f  a large number  of  mucous granules  in  the 

cytop lasm g i v e  the  mature cel l  i ts character i s t i c  gobl e t  shape . 

However , only  a narrow part of the t apered bas a l  cytoplasm was 

attached to the basement membrane ( Fi g . 2 . 1 4 ) . The basal  part  o f  the 

cel l  formed i nterdig i tations and desmosome attachments  with adj acent 

cel ls . I nd i v idual  goblet cells  were surrounded by  a n  i r r egular 

intercellu lar space and closed at the luminal surface by  ti ght 

junct ions  ( Fi g . 2 . 1 4 ) . An irregular o val nucle u s  with  a small  

nucleolus , was  found at the base o f  the cell  together  with a few 

m itochond r i a .  The Golgi  appa ratus was well  deve loped and usually  

found abov e  the nucleus , a longs ide  the e x tensive  RER  ( Fi g .  2 . 1 5 ) . 

The apical  c e l l  cytoplasm cont a i ned many e l ectron-dense  mucous 

granules whi ch were of d i fferent s i zes , bound by a t h i n  membrane  and 

whose  con tent  was granular , or homogeneous ( Fi g .  2 . 1 4 ) . These  cells  

wer e  found mos t  frequently  i n  the  trachea and  bronch i a l  regions . 

3 . 3 . 2 . 1 . 2 UNKNOWN SECR ETORY C ELLS 

Two c e l l  types of unknown secretory cells  were identi fied 

ultrastructur a l l y .  

• 

FIRST CELL TYP E  

Thes e  c e l l s  had a dense , e l ectron-opaque cytoplasm with few 

relati v e l y  large  mucus-like g r anules in the i r  apical c ytoplasm . These 



Figure 2 . 1 3  

High magni ficat ion o f  the upper part  of  both the first  

( CF )  and  second ( CS )  types of  c i l i ated c e l l . A large  number 

of  c i l i a  ( C ) , and m icrov i l l i  ( MV )  are found on the l umin�l 

surface o f  both c e l l types . Atypical  or compound c i l i a  ( AC )  

and cytoplasmic processes ( P R )  are observed mostly  o n  the 

l uminal  sur face o f  the second type of c i l i ated cell . TEM . X 

1 1 , 0 1 0 .  

Figure 2 . 1 4  

The first  c e l l  type o f  gob let  c e l l . 

homogen��s smal l e lectron-dense 

number  o f  r ibosomes ( RS ) . TEM . 

granules  

X 8 , 54 0 .  

( G )  

It contains  

and a sma l l  
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granu les con t a i ned .fibr i l lar , low dens ity  material  and  were bound by  a 

thi n  con t i nuous membrane . Relatively ,  long micro v i l lous projections 

were present  o n  the free or  luminal  border of  these cells ( Fi g . 

2 . 1 6 ) . Thi s  t ype  o f  cell  was observed mai nly  i n  the i ntrapulmonar y 

bronch i . 

SECOND CELL TYP E  

Thi s  c e l l  type was tall , v e r y  i r regular , narrow a n d  shrunken i n  

appearance with a dense cytoplasm , few m i tochondr i a  and var i able  

numbers  o f  smal l spher ical  vacuoles ( Fi g . � 1 7 )  .. - - - The-... .vacuoles  

cont a i ned granular  amorphous mate r i a l  which  i n  some  cases  could be  

seen  emptying  onto the surface of  epi thel i um ( Fig . 2 . 1 7 ) . A few,  

relat i ve l y  long microv i l lous proj ections were seen on the mucosal  

surface o f  these cells . Thi s  cell  type was found mos t l y  in  e xtra- and 

intrap u lmona r y  bronchi  and was more frequent than the first  type . 

Because the c ytoplasm of  these cells  was taper i ng a t  the lower part , 

the nucleus  o f  thes e  cells  wer e  d i fficult  to i dent i fy . 

3 . 3 . 2 . 1 . 3 CLARA CELLS 

Clara  c e l l s  were low col umnar to cuboidal  in shape and protruded 

beyond the c i l i ated cells  ( Fi g . 2 . 1 8 ) . The apical  c e l l  cytoplasm 

contai ned profuse smooth endoplasmic reticulum ( SE R ) whi l e  the 

mitochondr i a  in this  zone were v i r tually  devoid of  c r i stae . Regular , 

electro-lucent , \\42l;e,yo9ene.ous, membrane-bound i n c l us ions were 

observed in the apical  cytoplasm ( Fi g .  2 . 1 8 ) . The n u c leus  was found 

in  the central  part of  the c e l l . There  was also a well  developed 

Gol g i  apparatus , RER and numerous mi tocho nd r i a  ( Fi g . 2 . 1 8 ) . Clara 

cel l s  a lways r ested on the basement membrane . Thei r  l ateral  cell  

wal l s  i nvar iably  showed numerous i nterd i g i tations , j o i ned by  t i ght 

cell junctions  or desmosomes to adj acent epi the l i al c e l l s  ( Fi g . 2 . 1 8 )  

3 . 3 . 2 . 2  NON-SEC RETORY CELLS 

3 . 3 . 2 . 2 . 1 BRUSH CELLS • 

Two types o f  brush cell  were recogn i sed . 



Figure 2 . 1 5  

The second cell  type o f  goblet c e l l . Thi s  conta i n s  

mucous gran u l e s  ( G )  whi ch are l arger a n d  less e l ectron-dense 

than the first type and more numerous r i bosomes . Inset : The 

Gol g i  appar atus ( GA )  is wel l  developed and usua l l y  s i tuated 

above  the nucleus . TEM . X 3 , 400 . 

Figure 2 . 1 6  

High magn i fication  o f  the apical  part  of the first  type 

of  unknown secretory cel l .  The cytoplasm of  the c e l l  i s  

electron-dense and contains  a few mucus-like granules  ( ( G ) . 

The l uminal  sur face shows relatively  few long microv i l l i  ( MV ) . 

TEM . X 1 5 , 300 • 

• 
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Figure 2 . 1 7  

The second type of unknown secretory cell  ( u )  • These 

tall  and i rr egular  eells  have  variable  numbers o f  smal l 

sphe r i cal vacuoles  ( V )  near the i r  sur face . TEM . X 8 , 900 . 

The inset  figure shows some of the vacuoles  whi ch appear to be 

emptying onto the sur face . TEM . X 28 , 000 . 

Figure  2 . 1 8  

Clara  c e l l  showing ap ical  cytopl asm contain i ng l arge 

numbers  of  free r i bosomes ( R )  and abundant SER ( S ) . The 

m i tochondr i a  are  v irtual l y  devoid of c r i stae . 

Electron-lucent , heterogeneous , membrane-bound i nc l usions  ( I )  

are  stained i ncomplete l y . TEM . X 1 2 , 1 50 .  
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TRACHEAL BRUSH CELLS 

Occasional  non-c i l iated cells  wi thout secretory granu les and 

with a brush border o f  m icrov i l l i  were found in the t rachea . The 

cytop lasm was 

mitochondr i a ,  a 

( Fig . 2 . 1 9 ) . 

e lectron-dense , con tai ned moder ate numbers o f  

large amount o f  R E R  and SER and a few empty v acuoles 

BRONCHIAL BRUSH C ELLS 

These showed a more typical brush cell  morphelegy-- than---- thei: r-­

tracheal  counterparts . They were columnar to low columnar i n  shape , 

rested o n  the basement membrane and reached the ai rway sur face . The 

nucleus was not lobulated and was found i n  the lower part o f  the ce l l . 

The cytoplasm was o f  moderate electron-density  and contai ned abundant 

RE R ,  numerous mitochondr i a  and a large number o f  free r ibosomes . The 

f i l ament bundles , whi ch are a character istic  feature o f  brush cel l s , 

were found i n  the apical part o f  the cell . The second  d i stinguishing 

feature o f  the brush cell , the d ense population of micro v i l l i  o n  the 

luminal  surface , was also obvious and appeared to be cont i nuous with 

the f i l ament bund l es i n  the c ytoplasm ( Fi g . 2 . 20 ) . 

3 . 3 . 2 . 2 . 2  BASAL C ELLS 

Basa l  c e l l s  were found in the o v i ne tracheobronch i a l  e p i thel ium 

as far d istally  a s  the bronch iol i , a lthough they were mor e  numerous in 

the t rachea and extrapulmonary  bronch i . There was a wide , i r r egular 

i ntercellular  space around each ce l l  and this  was o ften crossed by 

long cytoplasmic processes whi ch cont acted adj acent c e l l s . They did 

not e xtend to the lum inal sur face . The nucleus was l arge and i ndented 

occupying  a large area o f  the cel l . Large numbers o f  r i bo somes and 

tonof i laments wer e found in  the cytoplasm , which also  contai ned a few 

mitochond r i a  and l arge amounts  of RER ( Fi g . 2 . 2 1 ) .  

3 . 3 . 2 . 2 . 3  INTERMEDIATE CELLS 

Intermed i at e  cel l s  formed a poo r l y  defined l ayer j us t  above the 

basal cel l s , from which they could be  d istinguished b y  thei r  spindle  

shape . Although in  close  proximity  to the  lumen , they  d id not usual l y  

reach the surface . They h ad a n  abundant cytop lasm cont a i n i ng 



Figure 2 . 1 9  

A tr acheal  brush c e l l  ( T )  showing its  l uminal  brush 

border of micro v i l l i  ( arrows ) .  The cytoplasm i s  

e l ectron-dense and conta ins  a mod erate number o f  m itochondr i a  

( MC ) , a l arge amount o f  RER  SER  and  a few empty 

vacuo les  TEM . X 7 , 900 . 

Figure  2 . 20 

A bronch i a l  brush c e l l  showi ng the typical lumi nal  brush 

border . I ts e l ectron-dens e  cytoplasm contains abundant RER  

( R ) , numerous m itochondr i a  and a l arge number  o f  r ibosomes 

( R ) . The f i lament bund les ( F )  can be seen in  the apical  part 

of  the ce l l .  TEM . X 1 , 3 40 . 
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mitochondria , RER , and  a few  tonofilaments  and  the i r  nucleus was large  

and  oval . Cytoplasmic project ions contac ted o ther c e l l s  and  somet imes 

formed desmosomes , a l though these were less  frequent than in  the bas a l  

c e l l  ( Fig . 2 . 2 1 ) .  

4 . 0  DISCUSSION 

4 . 1  H ISTOLOGY AND TOPOGRAPHICAL MORPHOLOGY 

It has been  apparent si nce ear l y  . studies . - employing  -- - l ig-ht · 
microscopy that the respi ratory tract mucosal  sur face i s  composed o f  

c i l i ated and non-ci l i ated epithe l ium . However , the cel lu lar  

or ientation , r e l a t i v e  d is t r i bution of  the  various cell  type s , and  

surface topography have been d i fficult  to define clearly  by  e ither 

l i ght or transmission  electron microscopy . The use  o f  SEM i n  thi s  

study has pro v ided  rel i able  i n format ion o n  the structural features  o f  

the epithe l ium whi ch could n o t  b e  obtained by other means . 

In  general , this  study has demonstrated that the o v i ne 

tracheobronch i a l  sur face morphology and structure resemble  those o f  

other mammal i an spec ies  previous l y  report ed . Histol ogical l y ,  i t  has 

been shown that a s l i ghtly  lower proportion  of mucous cel l s  are 

present i n  the upper trachea compared to the lower trachea and that 

the c i l iated cel ls were o f  two types . No other s tudies  of mucosal  

cel l  d i str i bution  at d i fferent levels  of  the t rachea have  been 

report ed in  the l iterature . 

Topographi c al l y , the epi thel ium o f  the ovine  a i rways was a 

mixture  of  c i l i ated and  non-c i l i ated c e l l s , w i th the former 

predominating  in the trachea , bronchi and the l at ter  in  the  

bronch iol i . I n  the trachea , c i l i ated cel l s  were ubiqui tous , whi ch 

d i ffers from descriptions  o f  trachea o f  the rat  ( Alexander ; e t  a l . 

1 97 5 ) , mouse ( Greenwood and Hol land , 1 972 ) and hamster ( Kenned y ; et  

al . 1 978 ) whe r e  the c i l i ated cel l s  wer e  arranged i n  groups 

interspersed between numerous non-c i l i ated cel l s . However , they were 

s i m i l a r  to the trachea o f  adult dogs ( Wr i ght ; et a l . 1 983 ) . I n  the 

bronch i , the goblet ce l l s  had short  microvi l l i  s imilar  to those i n  

rodents  ( Greenwood and Hol l and , 1 972 ) , m acaque monkeys ( Cas t l eman ; et  

al . 1 975 ) and cattle ( Mari assy ; et a l . 1 97 5 ) . 



Figure  2 . 2 1  

Basa l  and i n te rmed i ate  c e l l s .  There  i s  a wide , 

irregular  interce l lular  space ( arrows ) around bot h  c e l l s  and 

they have a large n umber of cytopl asmic processes ( PR )  on 

the i r  surface . The i ntermed iate  cells  have a large  nucleus 

( NU )  and an electron-l ucent cytoplasm . TEM . X 8 , 400 . 
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Brush c e l l s  were observed in  the t rachea , bronchi and 

bronchiol i . They have now been found in  se ver a l  speci e s  i nc lud i ng the 

bronchiol i o f  the man ( Watson and Br i nkman , 1 96 4 ) , and the mouse ( Hama 

and Nagata , 1 970 ) , the tr achea of  guinea p i gs ( Inoue and Hogg , 

1 974 ) , the prox i ma l  bronchio l i  o f  the pig  ( Basker v i l le , 1 970b ) and i n  

the upper and lower a ir ways and alveoli  o f  hamsters ( Kennedy ; 

1 978 ) and rats  ( Jeffery and Reid , 1 975 ) . Although Mariass y ;  

( 1 975 ) d id  not observe brush cells  i n  bov i n e  a i rways these 

used only  l i ght microscopy and were not able to exclude 

presence . 

The bronchio lar  epith e l i a l  admi xture o f  c i l i ated 

et a l . 
-- --

et a l . 

authors  

the i r  

and 

non-c i l i ated c e l l s  seems to be a common feature of a l l  mammal i an l ung s 

thus far descr ibed . The function o f  ovine  b ronch iolar n on-ci l i ated 

cel ls  rema i n s  to be determined but thei r  c lose resemb l ance to human 

Clara cel l s  suggests that they may have a s ecretory role  ( Cutz  and 

Conen , 1 9 7 1 ) .  

Interalv eo lar  pores o f  Kohn and a l veol ar mononuclear phagocytes 

wer e uncommon in the lungs o f  the sheep e xamined i n  this  stud y . 

Similar  observations  have been reported i n  catt le ( Ma r i assy ; et  a l . 

1 975 ) , suggesting that this  i s  a characteri s t i c  feature  o f  the 

ruminant lung . I n  add i t io n , recent stud ies in monkeys have shown that 

the frequency of  pores of Kohn are age r e lated in p r i mates ( Sh i mura ; 

et a l . 1 98 6 ) . A lthough , more e x tens i v e  stu d i e s  w i l l  be needed befo r e  

the present f i nd i ng s  can be  confirmed , t h e y  have i mportant  

imp l i cations  regard ing  the  pathophys iology and  pathogene s i s  of  

pneumo n i a  i n  ruminants . Van  Allen  e t  a l . ( 1 9 3 1 )  have shown that 

col lateral  venti lation  withi n and among pulmonary  lobules is severel y  

l imited b y  a scarcity  o f  pores o f  Kohn a nd the completeness o f  

inter lobular septa . These i nvest i gators a l so showed that foc a l  

pu lmonary ate lectas i s  was more p rone to occur i n  t h e  absence o f  

co l lateral  venti lation . Lack o f  col lateral  v e n t i l a t i on i s  a l so l ikely  

both to hamper compensation  for  i nequa l i t i e s  of  venti lation  associ ated 

with obstruct ion  of  sma l l  a i rways and to reduce the efficiency  o f  

mechani c a l  e x pu l sion  o f  a n  i ntraluminal  obstruction  ( Mari assy ; e t  a l . 

1 975 ) . Consequences o f  the l atter i n  the c ase o f  i ntrabronch i o l a r  

accumulations  o f  exudate would be to i mp a i r  the combat i ng o f  a n  

incipient  bronchopneumo n i a  or  t h e  resolut i o n  o f  a fu l l y  developed 

inflammato r y  process . Bronch i olar-alveolar anastomoses have been 
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reported in the o v i ne lung ( Krahl , 1 95 6 )  and these may l im i t  the 

occurrence of the a l v eolar collaps e , a l though l i ttle  is known of the i r  

relat i ve frequency i n  d i fferent species . 

The low numbers  o f  a lveolar mononuclear phagocytes found i n  

normal lungs would a l so appear t o  put the o v i ne lung a t  a d i sadvantage 

with respect to r e s i stance to aerogenous bacter i a l  infect ions  s ince  

maintenance o f  bacter i a l  ste r i l ity  o f  alveo l ar parenchyma i s  p r i mar i l y  

ascr i bed t o  these c e l l s  ( Ti zard , 1 977 ) . Thi s  could also  reflect  

exposure to a r e l a t i ve l y  pathogen and  particle-fr ee e n v i ronmen t . 

Since the animals used i n  this  s tudy weF� young , -this -c�ld perhaps b e  

another contr i buting  factor for the pauci t y  o f  a lveo l ar macrophages .  

4 . 2  CELL TYPES AND ULTRASTRUCTURE 

The present study of the u l tras tructure o f  the surface o f  the 

res p i rato r y  epithe l ium  at five  levels  is  the first  reported i n  

non-laboratory anima l s . Nevertheless , the findings a t  the levels  

i nvest igated were s imilar  to  those i n  the  r a t  ( Jeffery and Rei d , 1 97 5 )  

and mouse ( Pack ; e t  � ·  1 98 1 ) .  Ten morphologica l l y  d i s t i nct  

epithe l i a l  cel l  types  were i denti fied . Thi s  does not  impl y  that  one 

cel l  type may not , under changed e n v ironmental  o r  developmental  

cond it ions , be  trans formed i nto another . 

4 . 2 . 1 CILIATED CELLS 

Two morpholog i c a l l y  d istinct  c i l i ated epithe l i a l  c e l l s  were 

recogni sed i n  the o v ine t racheobronchial  a i rways . The f i r s t  type was 

mor pholog i ca l l y  and u ltrastructur a l l y  s im i lar  to that commo n l y  

reported i n  other species  including  t h e  d o g  ( Frasca ; et  a l . 1 968 ) � 

pig  ( Baskervi l le ,  1 970a ) , man ( Rhod i n , 1 9 66 ) , guinea pig  ( Inoue and 

Hogg , 1 97 4 ) , rat ( Je ffery and Rei d , 1 975 ) , mouse ( Pack ; e t  a l . 1 98 1 ) 

and hamster  ( Kenned y ;  et a l . 1 978 ) . The s econd c e l l  t ype seen i n  

thi s  study h a s  n o t  been descri bed previous l y .  I t  i s  pos s i b l e  that 

both cel l s  represent d i fferent stages of c i l i ated cel l  maturat ion . 

Because the s econd c e l l  t ype has electron-lucent cytoplasm and large  

number o f  m itochondri a  and i t  is  the less  common type it  is  more 

l ikely  that this  type is the i mmature s t age of the f i r s t  type . 

Nevertheless , the poss i b i l i t y  that they  are  two d i s t i nct  c e l l  

popu lation  c a n  n o t  be  exc luded as they were  both h istolog i c a l l y  a nd 
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u l trastructura l l y  d i fferen t . 

The atypical  c i l i a  observed i n  the c i l iated t racheal c e l l s  were 

s i milar  to tho s e  seen in man ( Al i sby and Ghad i a l l y , 1 972 ; C larke ; et  

al . 1 98 1 ) ,  normal dogs ( Wi l sman ; et  al . 1 982 ) and h amsters e xposed 

to resp i r atory carcinogens ( Harr i s ; et  al . 1 97 4 ) . Al i sby and 

Ghad i a l l y  ( 1 972 ) found atypical  c i l i a  in the respi ratory epithe l i um o f  

man with bronchi a l  carci noma and speculated that they wer e  a feature 

of a bronch i a l  epithel i um with i mpa i red clearance and may have been 

associ ated with a history  of  c i garette smoki n g . In  the hamsters 

e xposed to carci nogens b y  i n tratracheal-- in j eet-i o n ; -- -the. -c i l i a-- were ­

d i scovered i n t r acellulary and i ntercel lularly  as well  as o n  the 

luminal  surface . Harr i s ;  et  al . ( 1 97 4 )  and Wil sman ; et  al . ( 1 9 82 ) 

h a ve studied the i ncidence of  abnormal tracheal c i l i a  i n  heal thy dogs . 

The y  est i mated that abnormal numbers o f  central  m icrotubu les and 

abnormal numbers  o f  per i pheral microtubules occur in about 2% o f  a l l  

c i l i a . I n  the current study compound c i l i a  wer e  consisten t l y  observed 

o n l y  i n  the upper trachea . I t  i s  d i fficult  to e s tabl i sh a good reason 

for the occurrence of  atypical  or  compound c i l i a  and it is unl ikely  

that  the  sheep used  were  e xposed to any nox ious agents . I t  seems 

l i ke l y  therefore that they are normal structures . Thi s  pos s i b i l it y  i s  

r e i n forced b y  the observation  that they occur mainly  i n  the second 

t ype o f  c i l i at ed cell . 

4 . 2 . 2  GOBLET C ELLS 

Two types of gobl e t  cel l  were ident i fied  i n  this  stud y .  The 

first  type had granu les  which were  smaller  and more electron-dense  

than  those  o f  the  second type  whi ch had  granules  similar to those 

commonly  report ed i n  other spec ies  i nclud i ng the rat ( Jeffery  and 

Reid , 1 975 ) , human ( Watson and Bri n kman , 1 964 ) , dog ( Frasca ; et  a l . 

1 968 ) and p i g  ( Basker v i lle , 1 970a ) . Using  a methylene blue-Azur e  

stai n ,  Mar iassy  and Plopper ( 1 98 3 )  d i st i ngui shed three types o f  mucous 

cells  i n  the o v i ne tracheobronchi a l  epithel i um . These two c e l l  types 

were similar in structure apart from thei r  granules . The f i r s t  c e l l  

t ype h a d  con fluent blue stai n i ng granules , whi l e  t h e  second type had 

granules o f  s l ight l y  l arger s i ze which s t a i ned v ar i ab l e  shades o f  

b r i ght l avender . Thes e  observations with the l i ght m icroscope a r e  

supported b y  t h e  ultrastructural f i n d i ngs o f  t h e  present s tudy , thus 

confirming that there are two d i s t i nc t  types of mucous goblet c e l l  i n  
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the tracheobronchi a l  e p i thel i um o f  sheep . 

The finding  that goblet cells  were s l i ghtly more  numerous i n  the 

lower  tracheal epi thel iu m  than i n  the upper t rachea was not unexpected 

i n  v iew o f  the observations  of  human trachea by  other workers 

( Ellefsen and Tos 1 972 ) . Goblet ce l ls were numerous in  the  

tracheobronchial  a i rway epithel ium o f  man  ( Rhod in , 1 9 63 ) , dogs  ( Frasca ; 

et al . 1 96 8 )  and the p i g  ( Basker v i lle , 1 970a ) . However , only  Jeffe r y  

and Reid , ( 1 975 ) have made quan t i t ative  stud i e s  and found that goblet 

cel l s  make up less than 1 %  o f  the total epi thelia l  cells of  SPF rats  

at a l l  levels  o f  the  t r achea and  bronch i . 

4 . 2 . 3  UNKNOWN SECRETORY CELLS 

Two secretory c e l l s  not prev ious ly described wer e  identi fied 

ultrastructurally  i n  th i s  stud y .  The f i r s t  type contained sma l l  

mucus-like granules i n  i t s  apical c ytoplasm . I t  had r e l a t i vel y ,  long 

micro v i l l i  on the mucosal  surface of  the c el l . Greenwood and Hol land 

( 1 972 ) have observed that both i mmature and d ischarged goblet  c e l l s  

have more  numerous m icrov i l l i  than mature c e l l s .  Although thi s  c e l l  

cou ld be cons idered to be an i mmature or d i scharged goblet cel l , i ts 

shape was i rregular r ather than slender or  columnar which  i s  the usual  

shape for both i mmature and  d i scharged cells  ( Breeze ; et �· 1 976 ) . 

The second type o f  unknown secretory cell  was d i s t i nctly  d i fferent 

from the first . It  conta ined sma l l  granules in  the apical  part of  the 

cytoplasm which evacuated a finely granular mater i a l . The content o f  

these granules was d is t i nct  and consistently  d i fferent 

u ltrastructu r a l l y  from that o f  mucous  granules , whi ch usually  resembl e  

r i bosome particles . H i s tologically , this  c e l l  resembled the th i r d  

type o f  secretory muco s a l  c e l l  descr i bed by  Mar iassy  and Plopper 

( 1 9 8 3 ) . However , the present study has shown that u ltrastructural l y ,  

thes e  were not typical  mucous granules . 

4 . 2 . 4  CLARA CELLS 

The secretory g r anules of the o v i n e  Clara  cells  were 

morphologi c a l ly d i fferent from those desc r i be d  in  other mamma l s . The 

granules of Clara c e l l s  of the p i g  ( Basker v i l l e , 1 970b ) , r abb i t , man 

( Cutz  and Conen , 1 97 1 ) ,  rat  ( Jeffery and Rei d , 1 975 ) , hamster 

( Kenned y ; e t  �· 1 97 8 )  and mouse ( Pack ; et a l . 1 98 1 ) are 
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character i st i c a l ly i r r egular , electron-dense and homogeneous , whi l e  i n  

sheep these g r anules were even more  i rregular , and contained areas o f  

bot h  electron-dense and electron-lucent mater i al . 

There  i s  much d i s agreement i n  the l i t erature as to  the  reac t ion  

o f  Clara  cel l s  to the  PAS stai n .  Thi s  s tudy and others  have 

demonstrated PAS-pos i t i ve granules in  Clara cel l s  ( Azzopardi and 

Thurlbeck , 1 969 ; Cutz and Conen , 1 97 1 ; Pack ; e t  a l . 1 98 1 )  whi l e  

others have n o t  ( Kuhn ; et  al . 1 974 ; Niden , 1 967 ) . Thi s  controversy 

may in  part  be  explai ned b y  speci e s  d i fferences and v a r i a t ions i n  

fi x at io n  or  e mbedding procedures ( Cutz  and Conen , 1 97 1 ) .  The l ack o f  

spe c i f i c i ty o f  the PAS technique i ts e l f  may also be  a contributing  

factor . 

One o f  the  most cons istent u l trastructural features o f  the Clara  

ce l l  is  its  abundance o f  SER . I n  t h i s  respect i t  r e s embles  certain  

steroid  produci ng cells  ( Volk and  Scarpel l i , 1 96 4 ) . Several  studies  

Clara  apoc r i ne act i v i t y  h a v e  sugges ted 

( Ethe r ton ; et  

that  

al . 1 97 3 ; 

cells  may u ndergo 

1 979 ) . Profi les have been observed i n  

section  wher e  the "apical  cap" o f  the Clara  cel l  appeared to  b e  

budd i ng from the bod y o f  the cell  ( Jeffery and Rei d , 1 975 ) . Jeffery 

and Reid  ( 1 97 5 ) have suggested that this  " apical  cytoplasmic bleb" i s  

a fixat ion  a r t i fact . However , Ether ton ; e t  al . ( 1 979 ) used several  

f i x at ion tech n i ques and  ind icated that these  profiles  may genui n e l y  

represent apoc r i ne secret ion . To dat e ,  there 

exper i mental  e v idence to  e xpla i n  the nature of the 

of Clara  cel l s . 

4 . 2 . 5  BRUSH CELLS 

i s  no 

s ecretory 

d i rect  

product 

The brush cel ls found in the o v i ne bronchi and bronchioli  i n  

th is  study , r esemble  those previously  described i n  the  a ir ways and 

alveo l i  o f  the  rat  ( Je ffery and Reid , 1 975 ) , mouse ( Hama and Nagat a , 

1 970 ) , guinea  pig  t rachea ( Inoue and Hogg , 1 974 ) and p i g  bronch i o l i  

( Baskerv i l l e , 1 970b ) . 

I n  add i t ion to the typical brush cells  found i n  t h i s  s tudy , a n  

atypical  t y p e  was also  observed . Micro v i l lus pro j ec t ions  s imilar  t o  

those s e e n  o n  t h e  atypical  cells  h a v e  b e e n  observed o n  t h e  muco s a l  

surface o f  goblet cells  a n d  potent i a l  c i l i ated cel l s  i n  rats  ( Andrew,  
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1 974 ) , but the c e l l s  found i n  this  study l acked any secretory granu les 

or basal  bod ies . 

The funct ion  o f  brush cells  i s  not yet known . The presence of 

many p i nocyto t i c  vesicles  at thei r  l uminal  edge , s i m i l ar to b rush 

border  cells  o f  the alimentary tract , has l ed some i nves t igators to 

postulate  an absorp t i ve funct ion ( Jeffery  and Reid , 1 975 ) . The 

fi lament bund l e  con tent present in the cytoplasm of these c e l l s  has 

led Meyrick and Reid , ( 1 968 ) to suggest thei r  role  is that o f  a 

stretch receptor . 

4 . 2 . 6  BASAL CELLS 

The morphology of basal  cells found i n  t h i s  invest igat ion 

resembles  that prev iously desc r ibed in rats ( Jeffery and Reid , 1 975 ) ,  

man ( Rhod i n , 1 96 3 ;  1 96 6 ) , dogs ( Frasca ; et �· 1 96 8 ) , p igs 

( Basker v i l l e , 1 970a ) and the h amster ( Kennedy ; et a l . 1 978 ) . Basal 

cel l s  were found i n  the o v i ne epithelium as d i stally  as the 

bronchi ol i , although they were more numerous in the t rachea and 

extrapu lmonary  bronch i . Thi s  d i stribution is s imilar to that whi ch 

occurs i n  the rat  ( Jeffery and Reid , 1 975 ) . 

Jeffery and Reid , ( 1 975 ) poi nted out the e x i s tence o f  two 

epi thel i a l  compartments  i n  the  trachea and bronch i : a basal  layer 

i nvol v ed with d i v i sion  and a super ficial  layer concerned chie fly with  

d i fferent ia t ion and maturation . Basal  c e l l s  prol i ferated i n  response  

to  e xper i mental  mechanical  damage i nvolving destruct ion  o f  the most 

di fferen t i ated c e l l s . Thi s  produced a mu l t i layered undi fferent i ated 

epith e l i um ( Lane and Gordon , 1 97 4 ) . Lane and Gordon ( 1 97 4 )  observed 

that the i r  speed o f  d i fferen t i at ion i s  r apid and basal  bod ies  were 

present in some d i fferentiated cells  and others contained  mucous 

granules at 60 hr after i n j u r y .  Wel l  developed c i l i ated cells  or 

goblet  cells were present  by 9 0  hr after i njury . 

4 . 2 . 7  INTERMEDIATE C ELLS 

• 

Intermed iate  cells  formed a poorly  defined layer j us t  above the 

basal c e l l s , whi ch they closel y  resemb l ed , although they were mor e  

spind led i n  shape a n d  extended further toward the l ume n . Cells  o f  

thi s  t ype  have been described i n  the tracheal epithel i um o f  the r at 
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( Jeffery and Reid , 1 975 ) , r abb i t  ( Konradova , 1 966 ) and man  ( Rhod i n , 

1 966 ) and i n  the bronchus o f  the pig  ( Baskervi l l e , 1 970a ) .  I n  the 

present study , these cells d id not usually  r each the a i rway l umen ; a 

find i ng whi ch i s  s imi lar to the s i tuation i n  rabb i t s  ( Ko nradova ,  

1 966 ) , man ( Rhod i n , 1 966 ) and p i gs ( Basker v i l le , 1 970a ) but  d i fferent 

from the rat ( Jeffery and Reid , 1 975 ) . I n  the dog ( Frasc a ; et  al . 

1 96 8 )  and foe t a l  rat  ( Soroki n , 1 968 ) ,  i ntermed iate cells  d i fferent i ate  

and  become more  e l ectron-dense as they start to e i ther  accumulate  

mucous granules  or  begi n  c i l iogene s i s , but  thi s  was not seen  in  the 

present study . 

2 . 5  CONCLUSION 

The present work  could have been i mproved b y  morphome t r i c  

quantitation  o f  the d i fferent c e l l  types . However , because o f  the 

large numb e r  of cell types r ecogni sed and the f i ve l e ve l s  o f  

respirato r y  tract  exam ined , such a n  undertak ing would b e  part i cularly  

t ime consuming  s i nce many  o f  the  c e l l  t ypes could only  b e  i dent i f i ed 

accurately b y  the TEM . 

The present  study of  5 d i fferent  levels  o f  the t r acheobronch i a l  

epithel i um o f  normal sheep w i l l  serve a s  a useful base  for future 

stud ies  of o v i ne respi ratory p atholog y .  Although the a ir way 

epithel ium generally  r esembles that of  the h i gher mammals , two 

important morphologic  features o f  the parenchymal t i ssue o f  o v i n e  l ung 

are i n  sharp contrast with the pulmonary  parenchyma o f  other mammals , 

apart from cattl e . Firstl y ,  i nt er alveolar pores o f  Kahn a r e  uncommon 

in the lungs o f  young sheep . Secondly  there  i s  a relati ve r ar i ty of  

alveolar mononuclear phagocytes i n  alveo lar spaces . These 

observations  suggest there  are d i f ferences in  lung function  between 

speci e s  whi ch may have i mplications  for the suscept i b i l i t y  o f  sheep to 

pneumoni a .  In add i tion , the inves t i gation has iden t i f i ed several  cell  

types not  previously  descri bed and whose function  is  not clear l y  

understood . Stud ies  o f  the normal ovine  lung will  therefo r e  conti nue 

to be a fru i t ful exerc i s e . 

• 
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CHAPTER 3 

THE MORPHOLOGY OF THE TRACHEOBRONCHIAL EPITHELI UM 

I N  OVINE CHRONIC NON-PROGRESSIVE PNEUMONIA 

1 . 0 I NTRODUCTION 

Ther e  are a con s i derable number o f  descr i p t ions o f  the 

his topathology of both n aturally  occurr i ng and expe r i men t a l l y  produced 

CNP of lambs i n  New Z�aland and the equ i valent d isease� ( atypicaL or_ _ __ . 

pro l i ferat i ve exudative  pneumon i a )  overseas . 

l ittle  wor k  has been carr i ed out  on the 

However , surpr i s ingly  

ultrastructural and 

topographical  changes whi ch occur i n  the lungs and respirator y a i rways 

of these d i seases . The only detai led electron m icroscopic  

i nvestigation was  carr ied out by Alley ( 1 975a ) whi ch d e a l t  

predominant l y  w i t h  ultrastructural  changes occur r i ng i n  t h e  pulmona r y  

parenchyma i n  sheep i n  N e w  Zealand with natur a l l y  occurri ng CNP . 

No wor k  has been r e ported on the tracheobronchial  epithel ium i n  

pneumonic  sheep . However , there i s  some e vidence from pre v ious 

studies  i n  sheep ( Alle y ,  1 975a ) and pigs ( Basker v i l l e , 1 97 2 )  that 

bronchial  and bronch iolar  changes may be i mportant i n  the pathogene s i s  

o f  chronic  pneumoni a . I n  order t o  fol low the e a r l y  changes and the i r  

development t o  advanced pneumon i c  les ions , two g roups o f  lungs were 

collected for study . The f i rst  group con s i sted o f  early  pneumo n i c  

lesions and t h e  second group advanced pneumonic  lesions . Thi s  chapter 

presents the l ight microscopic , TEM and SEM features of the lesions at 

f i ve d i fferent levels o f  the tracheobronchi a l  a i rways in sheep 

a ffected with naturally occur r i ng CNP . 

Because there have been no studies  o f  surface morphology o f  

alveo l i  i n  o v ine  pneumo n i a , t h e  p resent S E M  study w a s  extended to 

these a i rspaces also • 

2 . 0  MATERIALS AND METHODS 

The lungs together with the i r  attached t rachea , were collected 

from 1 2 ,  5 to 9 month old lambs s laughtered at a local meat wor ks ; 
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s i x  showed ear l y  pneumonic les ions and s i x  had advanced l e s ions of 

CNP . The e a r l y  l e s ions had a gross appear ance simi l a r  to the type I 

category  descr i bed b y  Alley ( 1 975b ) and the advanced l e s i ons were 

similar  to category  IV . They were col lected on several  d i fferent 

occasions and o r i g in ated from d i fferent farms . Each lung was e x amined 

grossly  and a l l  ful f i l led the r equirements for each group . 

The selection  o f  levels , 

preparation and s t a i n i ng were 

( Chapter 2 ) . Sect ions  for l ight 

with haemato x y l i n  and eos in ( H  

fi xation , TEM and SEM techni que s , 

s im i l ar to those descr i bed p r e v ious l y  

microscopy 

& E )  and 

were rou t i n e l y  s tained 

the techn i qu e  o f , AB-PAS 

staining i s  descri be d  i n  Append i x  5 . 1 .  

3 . 0  RESULTS 

3 . 1  EARLY P NEUMONI C  LESIONS 

3 . 1 . 1  HISTOLOGY 

3 . 1 . 1 . 1  TRACHEA 

In  a l l  cases the epi thel ium  was severely  hyperpl a s t i c  and showed 

various degrees of degenerative  change i ncluding mild to severe  loss 

of c i l i a  and foca l  areas of squamous metaplasia  of epithe l i a l  cel l s . 

Smal l  numbers  o f  macrophages and neutroph i l s  were p resent  i n  the 

lamina propr i a  and l arge numbers  o f  neutrophils  were found between 

epithe l i a l  c e l l s . Submucosal glands exhibited a v e r y  m i ld 

inflammator y change s , i nc lud i ng m i ld swe l l i ng of the g land and m i ld to 

moderate neutroph i l  i nfi ltrat ion ( Fi g . 3 . 1 ) .  

The mucous granules o f  gobl e t  c e l l s  e i ther showed l e s s  colour 

density  than those of normal sheep or contained foamy heterogeneous 

mater i a l  when stai ned with AB-PAS . There  was also an increase  in the 

number o f  d ischarged goblet c e l l s  and c e l l s  con t a i n i n g  aci d  

gl ycoprot e i n  were prominent . 

3 . 1 . 1 . 2 MAIN BRONCHI 

In gener a l , the extrapulmonary  bronchi were less a ffect ed than 
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the intrapu lmon ary  bronchi . There  was m i ld to moderate hyperpl as i a  in  

both the bronchi a l  and submucosal  gland epithelium , with  occasional  

pol ypoid s tructures which occurred only  on the  luminal  sur face o f  the 

epi thelium . Moderate numbers of neutroph i l s  were found between the 

epithe l i a l  cells  and early lympho i d  aggregations wer e  present  i n  the 

lamina propr i a , i mmed i ately beneath the epithel i a l  layer and around 

submucosal  gland s . These l ymphoid aggregations also con t a i ned a sma l l  

number o f  neutroph i l s . The lumen o f  the submucosal  gl and a c i n i  

contained v ar i able  amounts of material  which i ncluded mucus , moderate 

number o f  neutroph i l s , cellular debr� and a few macrophages ( Fi g . 

3 . 2 ) . 

The number  o f  goblet cells  conta i n i ng neutral g l ycoproteins  i n  

the main bronchi was s imi lar t o  or s l i ghtly greater  than these 

cont aining m i xed gl ycoprote ins . 

containing  mucus were observed . 

3 . 1 . 1 . 3 SMALL BRONCHI 

A few i ntra-epi the l i a l  cysts 

Les ions  at this  level  were o f  s i m i l ar type but were mor e  

extensive  than those i n  the main bronch i . 

3 . 1 . 1 . 4 BRONCHIOLI 

Moderate  to mild epi the l i a l  hyperplas i a  and p e r i bronchiolar  

lymphoid  aggregations were  con s i stently  present . The lumen o f  a l arge  

number of  bronchi o l i  conta ined variable  amounts o f  mucus , cel lular  

debriS and i n flammatory  cell s , mai n l y  neutroph i l s  ( Fi g . 3 . 3 ) . Alci a n  

blue-PAS revealed a marked change i n  t h e  frequency a n d  d i st r ibution  o f  

both Clara and goblet cel ls a t  thi s  l evel , mos t  o f  whi ch had 

d ischarged the i r  secret ion . Those which had not discharged cont a i ned 

main l y  neutr a l  glycoproteins . 

3 . 1 . 2 TOPOGRAPHICAL MORPHOLOGY 

3 . 1 . 2 . 1 TRACHEA 

The luminal surface of  the e p i thel ium was i rregular a nd composed 

of  equal numbers of c i l i ated and non-c i li ated cel l s  ( Fi g . 3 . 4 ) . 



Figu r e  3 . 1 

The epithe l i um o f  e a r l y  pneumon ic  trachea showing 

moderate hyperplas i a .  The lum inal  border has lost mos t  o f  i ts 

c i l i a . Moder ate numbers o f  neutroph i l s  and macroph ages are 

present i n  the l amina propr i a  ( L )  and large numbers  o f  

neutroph i l s  ( ar rows ) are found between epi the l i a l  cell s . H&E .  

X 1 56 .  

Figure 3 . 2  

Bronchi a l  epithelium o f  an early  pneumonic  lesion . 

There  a r e  moderate numbers  o f  n eutroph i l s  ( ar rows ) between the 

epithe l i al cel l s  with ear l y  l ympho i d  aggregations i mmed i ately 

beneath the ep i the l i a l  l ayer . H&E .  X 3 1 2 .  

F igu r e  3 . 3  

Bronchiole  from an ear l y  pneumonic  lesion  showing 

moderate  epithe l i a l  hyperplasia  and mild peribronchiolar 

l ymphoi d  aggregations . The lumen contains n ecrot i c  mate r i a l  

and inflammatory cel l s . H&E . X 1 56 .  
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Three  types o f  non-c i l i ated cel l  were observed . The mucosal  sur face 

of the first  type was covered by  a large number o f  micro v i l lous 

p r o j ect ions . In the second type the lumi nal  surface was devoid o f  

bo th microv i l l i  and c i l i a . Thi s  may have represented the metaplast i c  

changes observed us i ng t h e  l ight m icroscope . The third type con s i s ted 

of goblet  cel l s ,  whi ch formed smal l  pits  on the surface epithe l i um .  

Submucosal g l and sur face openings were frequent and showed lack o f  

c i l i a . Although t h e  goblet cells  and submucosal  gland ope n i ngs were 

c l ear of mucus secret ion , some cel lular  debr � and inflammatory  c e l l s  

w e r e  observed i n  c lose p roximity  ( Fi g . 3 . 4 ) . Most  of t h e  epithe l i al 

surface o f  the upper trachea was clear o f  -mucus , -but-at- the- lower--part 

of the trachea , the c i l i ated surface was covered by a thick  l ayer of 

adherent secret ion con t a i ni ng occasional i n fl ammatory c e l l s  ( Fi g . 

3 . 5 ) .  Although there were inflammatory c e l l s  and c e l lu l ar debr i� on 

the  non-c i l i ated surface , i t  was not covered by a mucus b lanke t . A 

l arge number o f  bacte r i a  were trapped between the c i l i a , but no 

o rgan isms were observed on the non-c i l i ated surface . The bacter i a  

were o f  var i ous morpholog ical  types and a large number o f  organ i sms 

attached fi rml y to the bottom of the c i l ia were characte r i s t i c a l l y  

mycoplasma-like i n  appear ance . These organi sms were polymorph i c  and 

had an i ndentat ion on one s i de o f  -\bei y flat sur face , s im i l a r  to  the 

morphology of � ov ipneumo n i ae observed by  Al-Ka i s s i  & Alley  ( 1 98 3 )  

( Fi g . 3 . 5 ) . 

The c i l i a  of the e p i thel i a l  sur face were shorter  than those o f  

normal sheep and var i ed i n  shape . Most were broken and entangled w i t h  

one  GMD� ( Fi g . 3 . 4 ) . 

3 . 1 . 2 . 2  BRONCHI 

Almost equal numb e rs o f  c i l i ated and non-c i l i ated c e l l s  were 

present on the epi thel ia l  surface ( Fi g . 3 . 6 ) . These cel l s  

demonstrated two types o f  p i  t s  and hole s ; Large s i ze p i t s  with  a 

regular out l i ne were common and these resembled the ope n i ng s  o f  gobl e t  

cel l s . Smal l e r  s i ze hol es w i t h  an i rregular o u t l i n e  w e r e  a l so s een on 

many cel l s  and these p robabl y  represented s i tes o f  c e l lular  membrane 

damage . The epithe l i a l  sur face was  c lear  o f  mucus but  a moderate  

number  of neutroph i l s  together with occas ional  macrophages , epithel i a l  

cel l s  and fragments o f  c e l l  debriS were observed.Areas o f  squamous 

cell s  were seen more  often than in the t rachea of pneumonic  sheep 



Figure 3 . 4  

The tracheal epithe l i al sur face i n  early  pneumoni a .  The 

mucosal sur face conta i n s  approx imat e l y  equal numbers o f  

c i l i ated and non-c i l i ated cells . Observe t h e  goblet c e l l  

openings  ( G )  and submucosal gland open ing  ( S ) . SEM . X 800 . 

F igure 3 . 5  

The luminal  sur face o f  the lower trachea in  early  

pneumonia  showing  a thick l ayer o f  mucus secretion ( ar rows ) 

whi ch covers  mos t  of the c i l i ated but not the non-ci l i ated 

sur face , SEM . X 1 0 , 000 . The inset  micrograph shows some o f  

t h e  l a r g e  number o f  mycop lasma-l ike organ isms ( M )  which a r e  

attached fi rmly to the bottom of t h e  c i l i a .  SEM . X 2 , 500 . 





( Fig . 3 . 6 ) . 

The c i l i a  o f  the bronchial  epithel i a l  cells  

morphological  changes and  p resence o f  organ isms 

trachea ( Fi g . 3 . 7 ) . 

8 1  

showed the same 

as noted in the 

Bronchi a l  submucosal g l and openings  were denuded of c i l ia and 

showed i ncreased numbers o f  squamo i d  cell s . The secretions  of some 

gl and s were f i xed in s i tu and contained a large numb e r  o f  polymorphs , 

mucous s tr ands and globules ( Fi g . 3 . 8 ) . 

3 . 1 . 2 . 3  BRONCHIOLI 

The bronchi o l i  from the affected part o f  the l ung had thickened 

walls  and the lumen contai ned a variable  amount of necrotic  e xudat e , 

conta i n i ng mucus , pol ymorphs and a few macrophages , some o f  whi ch were 

attached to the sur face epithel ium ( Fi g . 3 . 9  & 3 . 1 0 ) . Three main 

types o f  cell were present i n  the epi thel ium . The f i r s t  type were 

c i l i a ted cells  which had long and short c i l i a  and m icrov i ll us 

proj ections on their  surfac e . The second t ype were brush cel l s  whi ch 

had mostly  micro v i l lus proj ect ions and occas ion a l  c i l i a  on the 

surface . The third  type o f  cell  protruded from the sur face l i ke Clara 

c e l l s  and h ad small  micro v i l lous project ions on the i r  sur face ( Fi g . 

3 . 1 1 ) .  In  the l ess severely affected bronchiol i , the numbe r  o f  Clara 

c e l l s  were greatly increased and the i r  luminal sur face e xhibited 

morphological  changes i ncluding  the appearance of microv i l lus-l ike 

proj ections and c i l i a  ( Fi g .  3 . 1 2 ) .  

3 . 1 . 2 . 4  ALVEOLI 

The affected alveoli  showed two character i s t i c  changes ; an 

increas e  in the thickness o f  the alveolar septa and an accumulation of 

c e l l s  within  the alveolar  space ( Fi g . 3 . 1 3 ) . The c e l l s  found in the 

alveo l i  were mainly  polymor phs w i th d i gestion  vacuol e s  a lthough some 

macrophages wer e  seen . The macrophages had the morphology 

char acte r i s t i c  of pu lmonary  macrophages , with long c ytoplasmic 

extensions . The alveolar epithe l i a l  surface showed ruffling  and 

b udd i ng of the p l asma membrane  whi ch a lso contai ned sma l l  p i t s  and 

holes . Large number s  o f  g ranul es were a lso seen lying  on the surface 

of the epi the l i um ( Fi g . 3 . 1 3 ) . Other changes i nc l uded loca l ised 



Figure 3 . 6  

The bronch i a l  surface epithel ium i n  an early pneumon ic  

les ion . The l arge  holes  (G )  are goblet  cell  openings  and  the 

small  holes  ( L )  may be  due to d amage to the cel l  membrane . 

Large amounts  of cellular  debr i ( arrows ) and neutroph i l s  ( n )  

are present on the surface . SEM . X 660 . The i nset figure 

i l l ustrates a foca l  area o f  squamous cell metaplasia  ( arrows ) . 

SEM . X 300 . 

Figure 3 . 7  

A large number  o f  m icroorgan i sms attached to the top o f  

the bronchial  c i l i a  i n  an early  pneumonic  les ion ( large 

arrows ) . The morphological  featur�s o f  many of the attached 

organi sms were s im i lar  to those of mycoplasmas ( small arrows ) . 

SEM . X 1 0 , 000 . 

, 





Figure 3 . 8  

A submucosal gl and open ing denuded o f  cilia  and showing 

squamous metap l as i a . The secretions whi ch are fi xed i n  s i tu 

contain  a large  number o f  neutroph i l s  ( n )  m ixed with mucos al 

strands and g r anules ( g ) . SEM . X 700 . 

Figure 3 . 9  

An affected bronchiole  which has a thickened wall  

( ar rows ) . I t s  l umen contains l arge  amounts o f  necrotic 

e x udate con s i s t i ng mai n l y  of neutroph i l s  SEM . X 400 . 

Figure 3 . 1 0  

The l um i n al sur face o f  an affected bronchiole showing a 

few mac rophages ( arrow)  attached to ep i thelial  cel l s . SEM . X 

1 600 . • 





Figure 3 . 1 1  ( Le ft ) 

High  magn i f i c ation o f  the bronchiolar  epithe l i a l  sur face 

from a severely  a ffected area . The surface con s i sts o f  

c i l i at ed , brush and Clara-l i ke c e l l s . SEM . X 5080 . 

Figure 3 . 1 2 ( Ri ght ) 

High magni f i c ation o f  the bronchiolar  epi thel i a l  sur face 

from a l ess  severel y  affected area . Clara  cells ( A )  exhib i t  

small microv i l lus-l ike proj ections ( arrows ) . SEM . X 6000 . 

Figure 3 . 1 3  

The alveolar  region i n  e a r l y  pneumonia  showing 

thi cken ing  o f  the  a lveolar septa  ( ar rows ) and accumu lation o f  

neutroph i l s  ( n )  and a few macrophages ( MA )  wi thin the alveo l a r  

space . SEM . X 1 , 4 70 . 

• 
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increases in the numb�r of a lveolar  type II cel l s . 

3 . 1 . 3 ULTRASTRUCTUR E  

3 . 1 . 3 . 1 TRACHEA 

Most  of the epithe l i a l  sur face , particularly  in  the 

of the trachea , was covered by v a riable  amounts of 

electron-dense mat e r i a l  ( Fi g .  3 . 1 4 ) . Thi s  consisted 

lower part  

moderately 

of  mucus , 

cel lular debr i s  and organi sms o f  var i ab l e - shape and number embedded -i� -- -­

amorphous mater i a l  ( Fi g .  3 . 1 5 ) . A large number o f  c i l i a  i n  mucus 

areas covered exhibi ted a var i able  degree of c i l iogenes i s . The 

organi sms were most frequent free between the surfaces o f  the 

amorphous mate r i a l  and c i l ia . They were not seen i n  d irect contact 

with the cytoplasm o f  e i ther c i l i ated or non-cil i ated c e l l s  ( Fi g . 

3 . 1 5 ) . A few o f  these organi sms resembled mycoplasmas i n  s tructure 

with a round or oval  shape bounded b y  a three layered plasma membrane 

( Major ; et al . ( 1 978 ) ( Fi g . 3 . 1 4 ) . The major i ty o f  the other 

organisms resemb led bacte r i a  and had a rounded cross section , a 

cocco-baci l l i  shape i n  longitud i nal  section and a densely  stai ned 

cytoplasm ( Fi g . 3 . 1 5 ) . 

Fewer c i l i a  than normal were found on the luminal epithe l i al 

sur face and a l arger number  o f  microv i l lus project ions were  present 

( Fi g . 3 . 1 4 ) . Smal l  cytoplasmic proj ections were seen protruding from 

the sur face of some epithe l i a l  cel ls . C i l i ated and non-c i l i ated cel l s  

contai ned a l arge number  of mi tochondri a ,  lysozymes and glycogen 

gr anules . Large numbers of neutroph i l s  and a few p lasma c e l l s  were 

seen between the epithe l ial  cells  ( Fi g . 3 . 1 4 ) . 

3 . 1 . 3 . 2  BRONCHI 

The mos t  str i k i ng feature seen in the 

infi ltration o f  the epithel ium with  moderate 

bronchi was the 0 �  
numbers� neutroph i l s , 

l ymphocytes and a few macrophages ( Fi g . 3 . 1 6 ) . • I n  some sections , 

mononuclear cel l s  formed a row underneath the basement membrane . 

Large numbers  o f  mycoplasmas and bacter i a  were found between the c i l i a  

and the microv i l lous project ions o f  the bronchial  epithel ium ( Fi g .  

3 . 1 7 ) . The epithe l i a l  surface close to these sma l l  m icrocolon ies  was 



Figure 3 . 1 4  

The tracheal epi thel ium from an ear l y  pneumon i c  lesion 

showing e l ectron-dense mater i a l  ( ar rows ) cover ing the surface . 

A few microorgani s ms ( 0) are embedded in  the amorphous 

mater i al . There is neutroph i l  i n f i l tration between underlying 

ce lls . TEM . X 7 , 64 0 .  

F i gure 3 . 1 5  

High  magn i ficat ion o f  the sur face material showi ng the 

bacter i a  (0) whi ch are not in d ir ect contact with c i l i a . TEM . 

X 3 1 , 800 . 

• 





F i gure  3 . 1 6  

The bronchial  epithel ium i n  a n  early  pneumonic  lesion  

showing neutrophi l s  ( n )  between the  epithe l i al cells . TEM . X 

5 . 66 0 .  

• 





• 

Fi gure 3 . 1 7  

The bronchi al e p i the l i a l  surface showing a large number 

of  mycoplasmas ( M )  and bacte r i a  ( b )  between c i l i a . TEM . X 

1 4 , 900 . The inset  micrograph i l lustrates the tubu lar 

organelles  ( ar rows ) whi ch may be  the means of attachmen t 

between mycoplasmas and c i l i a . TEM . X 72 , 1 00 • 
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almost denuded o f  c i l i a  ( Fi g . 3 . 1 7 ) . Apart from the p resence o f  

occas ional v acuoles , t h e  cytoplasm o f  the epithe l i a l  c e l l s  showed 

little  degenerat i ve change ( Fig . 3 . 1 6 ) . 

Mycoplasmas were seen more frequently  at this level  than i n  the 

trachea , but were never seen in c lose contact  with the e xternal  cell  

surfaces or within  d i gestive vacuoles o f  polymorphs or other 

phagocytes ( Fi g . 3 . 1 7 ) . These organi sms were attached to the c i l i a  

b y  means of  tubu lar organelles  which  o r i g i nated from the c ytoplasm and 

were anchored to the p l asma membrane of the c i l ium.  At the  attachment 

sites on some c i l i a , the p lasma membrane was absent- ( Fi g-. - 3-.-1 -7 )- . -- The 

bacteria  were var i able  i n  s i ze and the smal lest of these were i n  close 

prox imity to the cell membr ane o f  the bronch i al epithe l ium . Although 

small bacteria  were i n  close con tact with  c i l i a , microv i l l i  and c e l l  

membranes n o  means o f  attachment w a s  observed . Large b acter i a  were 

observed between c i l i a  and microv i l l i , but the majo r i ty of these were 

not i n  c lose contact with c i l i a  ( Fi g . 3 . 1 7 ) . 

3 . 1 . 3 . 3  BRONCHIOLI 

The epithel i um of many bronch i o l i  showed moderate  h yperplas i a  

and was composed o f  three or more l ayers o f  cells . The surface cells  

were d i fferen t i ated i nto the normal c i l i ated and non-c i l i ated types 

but the underlying  cells  were i rregular i n  shape a l though their  

cytoplasm was o f  s i m i l ar dens i ty ( Fi g . 3 . 1 8 ) . In  some regions a 

distinct basal  l ayer was observed , composed o f  irregu l a r l y  round c e l l s  

with round n u c l e i  a n d  relatively  l i tt l e  c ytoplasm ( Fi g . 3 . 1 9 ) . I n  

other a i r ways c i l i ated cel l s  h a d  l o s t  mos t  o f  thei r  c i l i a  a n d  the 

apical  p l asma membrane  of  some of these c e l l s  had ruptured , releasing  

cell  contents i nto the bronchi o l a r  lumen ( Fi g . 3 . 20 ) . The other 

common change i n  the epi thel ium was the presence o f  large pro j ect ions 

of cytoplasm from the apex of c i l i ated c e l l s  and non-c i l i ated c el l s . 

These protrus ions occupied large areas o f  the c e l l  apex and were 

frequentl y  longer than the c i l i a . The c ytoplasm of these extensions 

contained clumps of r i bosomes sparsely  scattered throughout but l ittle  

endop lasmic r e t iculum or other organe l les . The remainder  o f  the apex 

of affected cells  had few or no c i l i a  ( Fi g . 3 . 20 ) . 

The l umen o f  most a i rways con t a i ned  amorphous mater i al , cel lular  

debr i s , neutroph i l s  and a few macrophages ( Fi g .  3 . 2 1 ) .  Mycoplasmas 



Fi gure 3 . 1 8  

Ultrastructure o f  the bronchiolar epithelium i n  an early  

pneumonic  lesion . Both c i l i ated ( C )  and  non-c i l i ated cell s  

( N )  a r e  present together w i th d ist inct basal cel ls ( B ) . TEM . 

X 4 , 300 . 

Figure  3 . 1 9  

High magn i fication  o f  the d ist inct basal  layer ( arrows ) 

which was observed i n  some pneumonic bronchio l i .  TEM . X 

5 , 200 . 





Figure  3 . 20 

A sever e l y  affected bronchiole  showing c i l i ated c e l l s  

( C )  which  h a v e  l o s t  the i r  c i l i a  and show rupture  o f  t h e  apical  

plasma membrane ( ar rows ) .  TEM . X 7 , 800 . 

F i gure  3 . 2 1 

The bronch i o l ar l um i n a l  contents 

lesion . Cellular  debr i s , neut roph i l s  

presen t . TEM . X 7 , 800 . The inset  

i n  ear l y  pneumon i c  

and macrophages a r e  

micrograph shows a 

mycoplasma-li ke organ i sm obser ved ins ide  the diges t i v e  vacuole 

of a neutroph i l .  TEM . X 1 03 , 600 . 
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were obser<ed occas ional l y  ins ide  d igest i v e  vacuoles o f  neutroph i ls . 

No bacte r i a  were seen i n  e i ther the l umen or i n  contact with  

bronchiolar  epithe l i a l  cells . 

3 . 2  ADVANCED  PNEUMONI C  LESIONS 

3 . 2 . 1 HISTOLOGY 

3 . 2 . 1 . 1  TRACHEA 

Extensive areas of the epithelium showed squamous metap l as i a  and 

moderate to m i ld hyperplas i a . A l arge to moderate number  o f  

neutroph i l s  and mononuclear c e l l s  were present i n  the l amina  propri a  

together with small  aggregations o f  l ymphoi d  cel l s . Neutrophi l s  were 

commonly observed between epithelial  c e l l s . The s ubmucosal  g l ands 

showed a var iable  degree of h yperplas i a  and moderate  number of 

mononuclear  and neutroph i l  c e l l s  had i n fi ltrated into  the i r  lumina 

( Fig . 3 . 22 ) . 

Ful l y  mature goblet c e l l s  were less  numerous than normal and 

most of  these cont a ined only a few mucous granules which  were mainly  

neutral  glycoprote i n s . A few  i n tra-epi th e l i a l  cysts con t a i n i ng mucus 

were observ ed . 

3 . 2 . 1 . 2 MAI N  BRONCHI 

Mild  to moderate epithe l i al and submucosal hyperplas t i c  changes 

were  commonl y  seen and a l arge number of neutroph i l s  were found 

between the epi the l i a l  c e l l s . Lymphocytes , macrophages and 

neutrophi l s  were i nvari ab l y  present in large numb e r s  i n  the lamina 

propr i a . The bronchial  l umen usu a l l y  contai ned a s ma l l  amount o f  

exudate con s i st ing o f  cel lular  debr i s , l arge numbers  o f  neutroph i l s  

and a few mononuclear cel l s . Lymphoid  cells  aggregates were 

par t i cular l y  common a round the submucos a l  gland s , and frequentl y  

extended i nto the muscul ar i s  mucosae and the l amina propri a  a s  far a s  

the e p i thel i a l  basement memb r ane ( Fi g . 3 . 23 ) . 

With AB-PAS sta i n , most  goblet  c e l l s  were e i ther empty o r  

cont ained sma l l  numbers  o f  neutral  g lycoprotei n  mucous granules . A 



F i gure 3 . 22 

Tracheal epithel i a l  surface o f  an adv anced pneumonic  

lesion  showing severe squamous metap las i a . H&E .  X 3 1 2 .  

F i gu r e  3 . 23 

The bronchial  epi thel i a l  sur face of an advanced 

pneumonic  l e s ion showing  moderate  h yperplasia ( large arrows ) 

and metap l a s i a  ( wh i t e  arrows ) . Large  numbers o f  neutrophi l s  

a r e  present between the epi the l i a l  c e l l s  ( smal l arrows ) .  The 

l umen o f  the submucosal  g land ( S ) , i s  ful l  of mucus m i xed w i t h  

large  numbers  o f  neutroph i l s  and macrophages . H&E .  X 1 56 .  
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f e w  gob let cells  contai ned acid  gl ycoproteins . Intr a-ep i th e l i a l  c ysts  

were occasional l y  observed . 

3 . 2 . 1 . 3 SMALL BRONCHI 

Moderate to severe hyperplas i a  o f  epithe l i a l  mucosa and 

submuco sal glands was present which r e sulted in  the development o f  

epi the l i a l  pol yp-l i ke s tructures i n  some a reas . The lympho id  c e l l s  

aggregat ions i n  t h e  submucos a  were more e xtens i ve than those seen i n  

t h e  earl y  pneumon i c  les ions . The lumi na  o f  bronchi and submucos a l  

gland acini contained  a moderati amo�nt of cellular  debri s , 

neutroph i l s  and mononuclear c e l l s  ( Fig . 3 . 24 ) . The AB-PAS sect ions  

o f  these  ai rways were s im i lar to  that  obser ved i n  the  main  bronch i . 

3 . 2 . 1 . 4 BRONCHIOLI 

Thi s  level  showed the mos t  marked hyperplas i a  of epithe l i um , 

per ibronchiolar and peri vascular lymphoi d  tissue . The lumen of the 

a i r ways usu a l l y  contained a l arge amount of mucus , m i x ed with cellular  

debr i and  inflammatory cel l s . Large n umbers  of neutroph i l s  and 

mononuclear cells  were commonly  observed within  the epi the l i um .  An 

increase  in numbers  of goblet and c i l i ated cells  and decrease in Clara  

cel ls were  observed i n  the  epithe l i um o f  primary bronchi o l i , which 

also showed various degrees o f  metaplas i a  ( Fi g . 3 . 25 ) . 

Goblet  cel l s  conta i n ing neutral gl ycoprotein were completely  

absent from the  epi thel ium and  only  those contain ing acid  g lycopro t e i n  

remai ned . Epithe l i al secretory c e l l s  s i mi l ar t o  goblet cells  which  

cont a i ned acid  g l ycoprotein  were  present i n  the epithel ium of  

secondary  and  termi n a l  bronch i ol i . The mucus present i n  the  lumen or 

the epithel i a l  surface was of the acid type . 

3 . 2 . 2  TOPOGRAPHICAL MORPHOLOGY 

3 . 2 . 2 . 1 TRACHEA 

The loss of c i l i a  was less  severe than that of the e a r l y  

pneumo n i c  les ions , and occas ionally , c e l l u l a r  debr is and inflammatory  

cel l s  were  observed on the l uminal  surface . The epithel ium was 



F igure 3 . 24 

The epithe l i um o f  a sma l l  bronchus from a n  advanced 

pneumonic  l e s ion showing moderate  hyperplasi a .  The l ymphoi d  

aggregations i n  t h e  submucosa are more e xtens i ve than those 

seen in early  les ions . The l umen of the submucos a l  g l and 

contains  sma l l  numbers  of neutroph i l s and macrophages . H&E .  

X 3 1 2 .  

Figure 3 . 25 

A bronchiole  from an adv anced pneumonic lesion  showing 

marked epithe l i a l  hyperplas i a  and per i bronchiolar l ympho i d  

aggregations . Large numbers  o f  neutrophi l s  a n d  mononuclear 

c e l l s  are found within the epithel ium ( arrows ) . The lumen 

conta ins mucus , neutroph i l s  and macrophages . H&E . X 1 56 .  
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composed o f  c i l i ated a n d  non-c i l i ated cel l s ; and a l though c i l i ated 

ce l l s  predominated over the major i t y  of  the surface , among them were 

i n t erspersed s i ngle non-c i l i ated cells  ( Fi g . 3 . 26 ) . Comparat i ve l y  

large  areas o f  cel l s  without c i l i a  were observed . The mucosal  sur face 

of  the non-c i l i ated cell s  was co vered by short  m icrov i l l i  and d id not 

protrude into the lumen ( F i g . 3 . 27 ) . The rema i n i ng c i l i a  were 

shorter  than those o f  normal sheep and exhi b i ted var iable  degrees of 

c i l iogenes i s ,  similar  to that seen i n  early  pneumonic  lesions . Most 

of  the c i l i a  were tufted and showed p lasma membrane alterations , 

inc l ud ing bud d i ng and sequestration . A large number o f  organ i sms were 

entangled between the c i l i a  ( Fi g . 3 . 27 ) . Thes e  organi sms were - -

s i m i lar to the morphology of  M .  ovipneumoniae  descr ibed b y  Al-Kaiss i 

and Alley ( 1 9 83 ) . 

3 . 2 . 2 . 2  BRONCHI 

As i n  the trachea , the loss of c i l i a  was l ess severe than that 

observed i n  the ear l y  pneumon i c  l esions but a l arge number o f  

neutroph i l s  and mononucle ar cells  were found o n  the sur face ( Fi g . 

3 . 28 ) .  C i l i ated cells  predomi nated over the other  types o f  cells . 

Mos t of  the non-c i l i ated cel l s  were goblet cells  (Fi g . 3 . 28 ) . 

3 . 2 . 2 . 3  BRONCHIOLI 

Two types of bronchiole , d i ffer i ng primari ly in thei r  luminal  

surface structures were observed . One type had non-c i l i ated c e l l s  

w i t h  a l arge number of  micro v i l lus-l i ke proj ections , C l a r a  cells  a n d  a 

sma l l  of  number  o f  c i l i at ed cells . I n  these the major i ty o f  cells  had 

p i t s  on thei r  p lasma memb rane , whi ch varied in size and shape ( Fi g . 

3 . 29 ) . The epithe l i a l  sur face o f  the other type of  bronchiole  

cons i sted o f  Clara cel l s , cells  w i th microvi l lus proj ection s  on the 

sur face and a cell type which appeared to be i nt ermed i at e  between 

thes e  two . The i ntermed i ate c e l l  t ype protruded from the surface in a 

s i m i lar  manner to Clara cells  and had a large n umbe r  o f  micro v i l lus  

proj ections on its  luminal  sur face ( Fig . 3 . 30 ) . In  contrast to the  

first  type , this  bronchiole  had only  occas ional p its and these were  

seen only  on the  surface o f  Clara  cells . Some Clara  cells  e xhibi ted 

sur face features  similar  to type I I  alveolar epithe l i a l  c e l l s  ( Fi g .  

3 . 30 ) . 

• 



Figure 3 . 26 

Trachea l  l uminal  surface from 

les ion showing s i ngle  non-c i l i ated 

with i rregular areas o f  c i l i a  loss . 

Figure 3 . 27 

an advanced pneumonic  

cells  ( ar rows ) together 

SEM . X 600 .  

High magn i f i cation  o f  the c i l iated sur face showing  a 

large number o f  m i x ed microorgani sms ( arrows ) between the 

c i l i a .  Man y of the c i l i a  are entangled and shortened . SEM . 

X 1 , 300 . 

• 





Figure 3 . 28 

The bronch i a l  luminal  surface from an adv anced lesion . 

C i l i ated cells  predominate over other types which  are mostly  

goblet cel l s  ( ar rows ) . A l arge number o f  neutroph i l s  and 

macrophages were observed on the epi the l i al sur fac e . 

SEM . X 680 . 

• 
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Figure 3 . 29 

A bronch i o l e  �overed by  c e l l s  with  a l arge number o f  

microv i l lus-like pro j ecti ons . Clara  c e l l s  ( A )  a n d  a smal l  

number o f  c i l i ated cel l s  ( C )  were a l so common . SEM . X 1 980 . 

Figure 3 . 30 

Another type o f  bronchiole  containing no c i l i ated cel ls . 

An occasional  s i ngle  c i l ium can be  observed ( arrow)  attached 

to a Clara-l ike cel l . SEM . X 2 , 86 0  • 
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The c i l i ated cel l s  were e i ther devoid o f  mos t  o f  the i r  c i l ia or 

the c i l i a  prese n t  were tufted together . Some c i l i ated cells  

occasionally  had  m icrov i l lus-l i ke proj ections together with  c i l i a  and 

very smooth areas on the i r  l uminal sur face ( Fi g . 3 . 29 ) . Other 

c i l i ated cells  had a smooth luminal surface with few c i l i a  in the 

midd l e . Further types had similarly  placed c i l i a  with 

micro v i l lus-like proj ections  on the boundar i es o f  the cell  surface . A 

few cells  had a b lebb ing o f  the cell  membrane  with microv i l l i  

scattered between these b lebs ( Fi g . 3 . 29 ) . 

Broqch i o l i  from severely a ffected par::tS-O-f- -the---lun-g- - -sl1ow�d- -- a- ­

markedl y  thickened mucosal  wall  and the i r  l umina  were occluded by  

large  numbers o f  neutroph i l s , macrophages , mucus and necrotic  cellular  

debr i s  ( Fi g . 3 . 3 1  & 3 . 32 ) . 

3 . 2 . 2 . 4  ALVEOLI 

The most striking  features of the pneumonic  alveoli  were a 

marked i ncrease i n  thi ckness o f  the alveolar septa and the presence o f  

large numbers  o f  cells  lying  within  the alv eo l ar spaces ( F i g .  3 . 33 ) . 

The cells  remai ning  adherent to the alveolar  wal l s  were mai n l y  

neutroph i l s , although a var i ab l e  number o f  macrophages a n d  t ype I I  

alveolar epithe l i al cel l s  could also b e  seen . The macrophages had the 

u sual  morphology of pu lmonary macrophages w i th long cytoplasmic 

extens ions and i nvag i n a t ions of the p lasma membrane . Increased 

numbers of type I I  alveo l ar cel l s  were seen i n  some a lv eo l i  and 

occa s iona l l y  they almost covered the entire  surface ( Fi g . 3 . 33 ) . The 

s urface of these cel l s  protruded into the a lveo l ar space and was 

covered by  numerous micro v i l l i  ( Fi g . 3 . 34 ) . Openings  o r  p i t s  on the 

surface of type II  a l v eolar c e l l s  were only  s een on  the surface o f  

protruded bubbles . The a l veo lar t ype I cells  e xh i bi ted morpholog ical  

changes character i sed by  sma l l  pits  and ruffling  of the cell  membrane 

( F i g .  3 . 34 ) . 

3 . 2 . 3  ULTRAST RUCTURE 

3 . 2 . 3 . 1  TRACHEA 

Large areas of the e p i thel i um exhib ited a variable  degree o f  



Figure 3 . 3 1 

A bronchiole  from a severely affected part of the lung 

showing a marked l y  thickened wal l  ( arrow) and l umen occluded 

by neutroph i l s  and macrophages . SEM . X 500 . 

Fi gure 3 . 32 

High magn i fication  o f  the luminal contents o f  the above 

showing numerous neutroph i l s  and mac rophages together 

with mucous granules and strands . SEM . X 2 , 400 . 





Figure 3 . 33 

Alveo l i  from a sever e l y  affected part  of  lung showing 

marked thi cken ing of the alveolar  septa ( arrows ) . Alveolar 

spaces contain  both neutroph i l s  and macrophages . Increased 

numbers of type I I  epithe l i a l  c e l l s  can be seen i n  some 

alveo l i  ( I I ) . SEM . X 1 000 . 

Figure 3 . 34 

High magn i f i cation  o f  two , type I I  alveolar epithe l i a l  

cel ls . The o n e  o n  t h e  l e ft shows a secretory bubble  o r  

cytop lasmic b leb ( arrow)  protrud ing from i ts surface and the 

one on the r i ght shows an evacuated bubb le ( arrow ) . SEM . X 

5 , 800 . 
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metap lastic change . In  these regions epithel i a l  cel l s  were e i ther  low 

and i r r egular columnar ( Fi g . 3 . 35 )  or  squamoid ( Fi g . 3 . 36 ) . The 

luminal  surface of the former bor e  a small  number of c i l i a  and a large 

number of microv i l l i  ( Fig . 3 . 35 ) . The apical  part o f  the c ytoplasm 

of these cel l s  conta i ned moderate to large numbers o f  basal  bod i e s . 

The nucleus was sma l l  and i r r egular i n  shape and the c ytoplasm 

contai ned a var i able  number o f  sma l l  glycogen par t i c les and l arge 

vacuoles . The m i tochondr i a  were e ither smal l ,  electron-dense and of 

i l l-defined structure  ( Fi g .  3 . 35 )  or  clear with d i srupted c r i s tae 

( Fi g . 3 . 37 ) . The lum inal  surface of the squamoid cells  bore only  

microv i l lus-l i ke pro j ect ions and  the  c e l l  c ytoplasm_con_t a_ in_ed _ _  n_o_ .basal_ 

bod ies  ( Fi g . 3 . 36 ) . The nucleus was e i ther rounded or flattened and 

the cytoplasm contained few mitochondr i a  which were 

contai ned clear c r i st�e ( Fi g . 3 . 36 ) . 

sma l l  and 

A lack o f  goblet  cells was one of the main features of the 

tracheal epithel ium o f  adv anced pneumon ic  les ions . Sma l l  c ytoplasmic 

proj ections protruded from a l l  the remaining epithe l i a l  c e l l s  and 

these contai ned a var i able  number o f  small vacuoles ( Fi g .  3 . 36 ) . A 

large number o f  neutroph i l s  and a moderate number of mononuclear  c e l l s  

were s e e n  between epi thel i a l  cells  ( Fi g . 3 . 35 & 3 . 37 ) . No b acte r i a  

were observed i n  d i rect contact with c i l i a  or the p lasma memb r ane o f  

epithe l i a l  cells . 

3 . 2 . 3 . 2  BRONCHI 

Many areas o f  the bronchial  epitheli um were hyperpl a s t i c  and 

composed of low columnar cel l s . In  these regions the epi thel i a l  c e l l s  

were flattened o r  compressed and contai ned large and elongated nucl e i  

and relat i ve l y  l i ttle  cytoplasm ( Fi g . 3 . 38 ) . The luminal surface 

showed reduction in  numbers o f  c i l i a  and epithe l ial  cel l s  showed m i ld 

cytoplasmic vacuolation but no d istort i o n  o r  swe l l i ng o f  subcellular  

organelles was observed . A few bacte r i a  were seen  i n  close 

assoc i at ion with c i l i a  but none were seen  i ntracellularly  or i n  close  

contact with  the plasma membrane . Empty  goblet  cel l s  were frequent l y  

encountered o n  the  epithe l i a l  sur face . 

cysts cont a i n i ng l arge numbers  o f  

Occas ionally , intra-epi thel i al 

mucous granules o r  g lobule s , 

m itochondria  were observed . Large numbers o f  mononuclear phagocytes 

and neutroph i l s  were found between the epithe l i a l  cel l s  ( Fi g .  3 . 38 ) . 



F i gure  3 . 35 

Ultrastructure o f  the t rachea l  epithel ium from 

adv anced pneumonic  lesion  

metaplastic  change . Most 

i rregular columnar i n  shap e . 

showing var iable 

o f  cells  in this 

TEM . X 6 , 930 . 

Figure  3 . 36 

d egrees 

r eg ion 

an 

o f  

were 

Another area o f  t rachea l  epithel ium from an  adv anced 

lesion  showing severe met aplast i c  change . Most of cells  i n  

thi s region a r e  squamo i d  i n  shape . TEM . X 8 , 1 50 .  





Figure  3 . 37 

The cytop lasmic contents of d amaged tracheal epi the l i al 

cel l s .  The mitochondr i a  were either  smal l ,  electron-dense or 

clear  w i th d i srupted cr istae . Observe the neutroph i l  between 

the c e l l s  ( arrows ) . TEM . X 1 0 , 400 . 





Figure 3 . 38 

The bronch i al epi the l i um from an advanced pneumonic  

lesion  showi ng flattened , compressed epi the lial  cell s .  Goblet 

ce l l s  are empty . A few bacte r i a  ( arrows ) are c losely  

associ ated with  c i l i a . A macrophage ( MA )  can be seen between 

the cel l s . TEM . X 6 , 880 . 

• 
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3 . 2 . 3 . 3  BRONCHIOLI  

The epithel ium o f  a ffected b ronchioli  was  invariably  

hyperp lastic  and  con s isted o f  more than one  layer o f  cell s .  The f i r s t  

layer had d i f ferentiated i nto typ i c a l  columnar , c i l i ated and 

non-c i l i ated c e l l s  whi ch were similar  to the types seen in normal 

bronchi ( Fi g . 3 - 39 ) . The cytoplasm of these cells was dense l y  

vacuolated and contained secretory granules  some o f  which  could b e  

seen i n  the process o f  being released from the luminal  surface . The 

majo r i ty of c i l i ated cells  had lost mos t  of thei r  c i l i a  and the apical  

plasma membrane of  some of  both  c i l i ated and non-c i l i ated cells  had 

ruptured , releas i ng cel l contents i nto the lumen ( Fi g . 3 . 39 ) .  

Another freque n t l y  observed change was the protrus ion o f  l arge 

cytoplasmic proj ect ions from the luminal  sur face o f  c i l i ated c e l l s  

( Fi g . 3 . 40 ) . These pro j ect ions occupi ed large areas o f  t h e  c e l l  

sur face and w e r e  commonly  l arger than the c i l ia . The cytoplasm o f  

these protrusions  was mor e  e lectron-dense than that o f  t h e  c e l l  and 

cont ai ned only r i bosomes but  no endoplasmic  reticulum or o ther 

organe l les . The r emainder of the surface of  the a ffected c e l l s  had 

few or no c i l i a  but  the cytoplasm containe d  basal bod i e s  ( Fi g . 3 . 40 ) . 

The lumen o f  most  a f fected bronch i o l i was filled  with amorphous 

mater i a l , cel l u lar  debr i , neutroph i l s  a nd a var i ety of mononuclear 

phagocytes ( Fi g . 3 . 4 1 ) .  Few bacteri a  or mycoplasmas were observed in 

the amorphous mater i a l  ( Fig . 3 . 39 )  a lthough structures resemb l ing 

mycop lasmas wer e  seen entang l ed i n  some c i l i a  ( Fi g . 3 . 42 ) . No 

bacter i a  or mycoplasmas were seen i n s ide  neutroph i l s  or mononuclear 

phagocytes . 

4 . 0  DISCUSSION 

Since thi s  i n vestigation was probably the first  systematic  s tudy 

of  the surface e p i thel ium o f  conduct i ng pneumonic  a ir ways o f  a l arge 

mammal i an species  it  was d i f fi cult  to  compare the present f i nd i ngs 

with other s imilar  studies in  other spec i e s . 

One of  the main  hi stological  features  seen in  both early  and 

adv anced pneumo n i c  lesions was i n flammatory cell  i n f i ltration  of the 

epithe l i um . Neutrophi l s  and macrophages were commonly seen between the 

• 



Figure 3 . 39 

The epithe l ium  from a 

showing  d i fferent i a t ion o f  

columnar epithe l i al cel l s . 

severely  

the  first  

affected bronchiole  

The majo r i ty 

layer 

o f  

i n to 

c e l l s  

typical  

have a 

v acuo lated cytopl asm and some c i l i ated cells  have  lost the i r  

c i l i a . The apical  p lasma membrane o f  some cells has ruptured 

( ar rows ) ,  releas i n g  c e l l  contents i nto the lumen . 

Mycoplasma-l i ke o!gani sms ( M )  can be observed i n  close 

assoc iation  with c i l iated cel l s . TEM . X 1 38 , 1 00 • 

• 





Figure 3 . 40 

Bronchiolar  epi the l i um from severely  affected lung 

showing a cytoplasmic proj ection  ( arrow)  protruding from the 

l uminal  surface o f  a c i l i ated cel l .  TEM . X 1 0 , 670 . 

F i gure 3 . 4 1 

The lumen contents o f  a 

I t  consists  of amorphous 

neutroph i l s . TEM . 4 , 700 . 

severe l y  a ffected bronchiole . 

mater i a l , cellular  debr i\ 

• 
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F i gure 3 . 42 

Microorgani sms resemb l ing  mycoplasmas ( arrows ) closel y  

associated w i th the c i l i a  o f  affected bronchiolar  epithe l i a l  
• 

cel l s . TEM . X 3 8 , 1 6 0  • 

• 
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epi t he l i a l  cel l s  i n  large numbers  i n d i cating that act i ve i n fl ammatory 

changes is  occu r r i ng in the tracheobronchial  epi thel ium at all stages 

of the d isease . 

The tracheobronchi a l  epithel ium i n  advanced pneumon i c  l es ions 

showed large a r eas o f  squamous metaplasia  with mild  to moderate 

hyperplas i a  particularly  i n  the extrapulmonary a i rways , whi le in  early  

pneumo n i c  lesions  there  were foca l  areas o f  metap las ia and  moderate  to  

severe hyperplas t i c  changes in  intrapulmonary airways , Ther e  were  two 

other major d i fferences between these two stages o f  pneumon i a . 

First l y ,  the aggregat ions o f  l ymphor&--c�l l s- were-m�re -e x tens i ve - rn 

advanced pneumon i c  les ions and secon d l y  the bronchial  submucosal 

glands of advanced pneumon i c  les ions s howed more  hyperplasi a and 

metaplas i a  than those of the early pneumonic  group . Some o f  these 

pro l i ferative  changes will be reported on in more detail in Chapter  4 .  

In gener a l  however , they tend to con f i rm that the ear l y  pneumo n i c  

les ions do , i n  fact , progress to advanced p neumon ic  lesions and are 

unlikely to be separate d i sease ent i t ies 

Gi lmour and Brotherston ( 1 96 3 )  who studied an outbreak o f  CNP  

( atypical pneumon i a )  in  young sheep i n  Scotland were unable to 

correlate the sever i t y  o f  c l i n ical  s i gns they observed with the 

macroscopic  lesions i n  affected lungs e x amined some 6 months later . 

Stamp and N i sbet ( 1 9 6 3 )  descr i bed the histopatholog i cal  changes i n  

atypical  pneumonia  and they classi fied thes e  changes i nto interst i t i a l  

pneumoni a  a n d  lymphoi d  hyperplas i a ,  e i ther o r  both o f  which could b e  

present in  a n y  animal . I n  New Zealand A l l e y  ( 1 975b ) examined 2 4 6  

l ungs w i t h  lesions o f  naturally-occur r i ng CNP  and d i v ided t h e  changes 

he observed i nto four  categor ies  ( I  to IV) on the bas is  o f  the gross 

and h istological  severi ty o f  the les ions . The most prom i nent 

h i stolog ical  feature Alley observed in  category was a lveolar  

collapse ; and i n  category  2 ,  severe infi ltrat ion o f  neutroph i l s  and 

prol i ferative  changes i nc ludi ng early  bronch iolar  hyperplas i a  and 

peribronchiolar  l ymphoid  hyperpla s i a . In category 3 ,  pro l i fe r a t i v e  

changes predominated over  e xuda t i ve changes . I n  category  4 ,  chro n i c  

proli ferative  •changes p r edominated microscopica l l y .  More recently  

Gi lmour ; et � · ( 1 982 ) studi ed the long-term pathological  progress  

i n  exper i men t a l l y  produced ( us ing endotracheal tube ) CNP  

( pr o l i ferat i ve-exudative  p neumoni a ) , These author s  presented evidence 

tha t  the i r  expe r i mental pneumo n i a  started to wan e  with i n  28 weeks 

-�-- 1 
I 
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postinfection  and that a neutrophi l ic e xudate was not seen  within  the 

alveo l i  after 1 1  weeks p i . Bronchial epithe l i a l  hyperplas i a  was o n l y  

m i ld at 24 and 2 8  weeks p i  b u t  there was severe nodular  l ymphoid 

hyperplas i a  at 1 5 ,  1 8  and 24 weeks p i . The l es ions observed i n  the 

present study support the conclusion that CNP i s  likely to per s i s t  

over a peri od o f  several  months starting from les ions o f  e a r l y  red  

consolidation , and progress ing through regress ion phases whe r e  

l ymphoid  hyperplas i a  i s  t h e  princ i p l e  feature ( Alley ,  1 97 5b ) , to a 

recovery st age at which  the alveo l i  are expanded and largely  free o f  

e xudate ( Gi l mour ; et  a l . 1 982 ) . 

Ther e  were at least  two major d i fferences between the 

tracheobronc h i a l  epithel ium of early  and advanced pneumo n i c  les ions 

observed by  SEM . F i rs t l y , loss of c i l i a  was more severe at all  levels  

i n  ear l y  pneumonic  lesions  than i n  advanced where  at least h a l f  o f  the  

ep i the l i a l  surface rema i ned c i l i ated . Due to  the  high density  o f  

ci l i a , goblet  cell  open ings were n o t  commonly  observed i n  normal 

tracheobronchi al epi thel i um .  In  both early  and advanced pneumo n i c  

les ions these openings  were commonly  s e e n  as large p i t s  on the 

epi thelial  surface perhaps because of the loss of c i li a . Secondl y ,  

the metap last i c  changes were more  pronounced i n  the advanced pneumon i c  

epi thelium than i n  t h e  e a r l y  pneumo n i c  les ions . However , o n c e  again  

these changes mere l y  reflect  the chronic  prol i ferative  nature  o f  the 

d is ease s ince metaplastic  changes occur mor e  commonly  with  chron i c  

i r r i tat ion ( Jones ; et al . 1 973 ) . 

Mycop lasma-l ike structures were found attached firmly to the 

c i l i a  of epithel i a l  c e l l s  o f  the trachea and bronchi in e a r l y  

pneumon i c  lesions and to t racheal epithe l i al c i l i a  i n  the adv anced 

lesions . Other s tudi e s  have shown that M .  hyorhinis , a c ause of 

enzootic pneumo n i a  i n  p i gs , colon i ses a i r ways but not alveo l i , the 

inference being  that the alveolar  region i s  unfavourab l e  for the 

growth of these organi sms ( Goi s ; et  a l . 1 97 1 ; Basker vi l l e , 1 972 ) . 

The find i ng o f  l arge numbers  of mycoplasmas i n  the trachea and bronchi 

of early  pneumo n i c  lesions g i ves wei ght to the hypothesis  that under 

certain  cond i t ions  M .  ovipneumoniae may be  responsible  for a low 

grade trache i t i s ,  bronchi t i s  and  bronchiol i t i s  which , i n  turn , may 

resu l t  i n  suf fi c ient  d i s turbance to clearance mechan isms to allow the 

invas ion of the lower respi ratory tract by  destruct i ve bacter i a  whi ch 

are normal l y  res ident i n  the upper respiratory tract ( Alley  & C larke , 
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1 979 ) . 

The absence o f  mycopl asmas from the bronchi i n  advanced 

pneumonic  les ions may perhaps be due to changes in the m icroc l i mate o f  

the lower respi r atory tract making i t  unfavourable for mycoplasma 

growt h . In  add i t i on , antimycoplasma antibody act i v i ty in the 

bronchial  secret ions  which i nc ludes IgA ,  IgG and IgM may reach 

effect i ve concentrations  at l ater stages of the infection . Holmgren 

( 1 974 ) detected i n d irect haemagglutinating  antibod ies in bronchi a l  

secr e t ions o f  d i s ease-free p i g s  i noculated intranasally  with 

My.cop lasma hyopneumo n i ae - within  2 weeks - o f  inoculation ; --These p eaked·�­

between 8 and 9 weeks , and persi sted for over 1 3  weeks . 

The presence o f  mycoplasmas within n eutroph i l s  i n  o n l y  the early  

pneumo n i c  lesions  could  perhaps be nonspeci fic  phagocytosis . In  

gene r a l  i t  appeared that  mycop lasmas res i s t  degradation and d i gestion  

by  phagocytes i n  the absence of spec i fi c  anti serum ( Si mberkoff & 

Elsbach , 1 97 1 ; Al-Ka i s s i  & Al ley , 1 983 ) . Simberkoff & Elsbach ( 1 9 7 1 )  

observed that E .  col i  ingest ion and k i l ling  b y  neutroph i l s  were 

r educed in the presence o f  Mycoplasma hominis  and Mycoplasma 

arthr i t i d i s  organ i sms o r  supernatant fluid  from a mycoplasma culture . 

I f  this  i s  an analogue for what happens i n  v i vo then the secondary  

bacter i a l  i n fection  i n  GNP may  be an i mpor t ant contr ibuting factor to 

the seve r ity  and duration of pneumonic  lesions  as had been suggested 

by Alley  ( 1 975b ) . 

I n  the bronchi o l i  o f  both early  and advanced pneumoni c  lesions , 

one of the mos t  s t riking  features observ ed by SEM was the surface 

morpholog i ca l  change s  to C lara cells . These changes have been  

reported previous l y  with Clara  cells  o f  rats where they were 

attributed to c e l l  i njury  ( Kuhn ; et  a l . 1 974 ) and/or f i xation  

art i fact ( Jeffe r y  and  Rei d , 1 975 ) . 

Thr e e  d ist inct  morphologi c a l  features d i stingui shed the alveo l i  

o f  advanced pneumo n i c  lesions from those o f  ear l y  lesions . F i rs t l y ,  

there  wer e  many mor e  mononuclear phagocytes i n  the a l v eolar space s . 

Secondl y ,  the alveolar  septa was considerably thicker . I n  

expe r i men t a l  enzoo t i c  pneumonia  o f  pigs , Basker v i l l e  and Wright ( 1 97 3 )  

also observ ed ultras tructural l y  that the majority  o f  i nteralveo l a r  

septa were great l y  thickened by  accumu lat ion o f  lymphocyte s , 
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macrophages a n d  plasma c e l l s . Thi rd l y ,  there w a s  a n  increase i n  the 

number  and act i vi t y  of type I I  epithe l i a l  cells . Increased numbers o f  

type I I  epithe l i a l  ce lls  i n  t h e  lungs of sheep w i th advanced pneumonic  

les ions have been  observed by  other workers ( Al ley , 1 975a ) . Type I I  

epithe l i al c e l l s  a r e  d i ff i cult  t o  d i st ingu i sh from macrophages under 

the l i ght microscope , but SEM provided an excellent means of 

visua l i s ing this change . 

The u l t ras tructural changes i n  the trachea and bronchi o f  ear l y  

pneumo n i c  lesions  were markedly  d i fferent from those observed i n  

advanced les ions . The most  obvious change was the degree o f  

epi the l i al metaplas i a  and the relat i ve pauci t y  of bacteri a  seen i n  

ad vanced les ions  when compared  t o  early  les ions . The epi thel ium o f  

the trachea and b ronchi o f  e a r l y  pneumonic  l e s ions showed acute 

changes such as broken c i l i a  and the presence o f  large amounts o f  

mucus o n  the luminal sur face . A str iking featur e  observed i n  early  

lesions  was  the  large number  o f  inflammatory cells  observed m i grating  

between e p i the l i al cel l s  and the  presence of large numbers o f  

mycoplas mas a n d  bacter i a  o n  t h e  c i l iary  carpet . The mycoplasma 

organ i s ms were attached firmly  to the c i l i a  i n  earl y  and less commonly  

in  advanced les ions by  means o f  tubular  structures which pentrated the 

plasma membr ane of the c i l ia . They were found i n  greater numbers i n  

the bronchi than i n  the trachea . 

The present  study suggests  that the attachment of mycoplasma 

orga n isms to the tr acheal  and bronch i a l  c i l i a may red uce the c i l i a r y  

act i vi t y . Since  this  i s  the most  e ffec t i ve mechani sm o f  clearance i n  

the tracheobronch i a l  a i rways ( Green ; e t  al . 1 976 ) , other mor e  

destructi v e  organ i sms such a s  P .  haemolytica  whi ch have n o  abi l i t y  to  

attach to c i l i a  may thus have  an opportunity  to  penetrate i nto the  

pulmonar y parenchyma and produce more severe l es ions . Thi s  is  

supported b y  the e x pe r i ments o f  Alley and  Clarke ( 1 9 8 0 )  who suggested 

that bacter i a  are an essenti al factor in the pathogene s i s  o f  moderate 

and s evere forms of CNP . An alternative  hypothes i s  i s  that the 

mycoplasmas may produce a p r i mary  bronch i t i s  duri ng a ttachment and the 

other bacte r i a  present were mer e l y  s econdary invader s . Thi s  

hypoth e s i s  i s  backed b y  the wor k  o f  Jones ; e t  a l . ( 1 97 8 )  and 

Gilmour ; e t  a l . ( 1 979 ) . These authors produced l es ions resemb l ing 

those o f  naturall y-occurr ing  CNP  i n  over mos t  l ambs ( over 90% ) 

inoculated with  M .  ovipneumo n i ae alone . 
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A l l  goblet  c e l l s  i n  t h e  bronchio l i  o f  both stages o f  chron i c  

pneumonia  con t a i ned acid  g l ycoprote i n . However , i n  normal 

tracheobronchi a l  a irways , goblet  cells e xtend d i s tally  as far a s  

p r i mary  bronchiol i , whi le i n  advanced pneumoni c  l es ions t h e  goblet 

cells or cel l s  con t a i n ing acid  glycoprotein  extended down to the 

terminal  bronchiol i . Baske r v i l le ( 1 970 ) and Baskerv i l l e  & Wr i ght 

( 1 973 ) observed s im i l a r  changes whi ch i nvolved the e x tension of goblet 

cel l s  to the bronc h i o l i  o f  p i gs with exper i mentally  i nduced e n zoot i c  

pneumon i a . I n  the present s tudy , there were fewer goblet  c e l l s  

present i n  the trachea and b ronch i . These s eemed depleted o f  

secretion and mos t  or-- them conta rne_d __ n eulraT  g lycoprote i n . These 

finding s  represent s evere structural and  functional changes i n  the 

epi thel ium of per i pheral  a i rways whi ch could have s igni ficant e ffects  

on both colo n i s i ng 

efficienc y . 

m icroorgani sms and the hosts respirato r y  

Although the d i stribution o f  var ious types o f  glycoprote i n  

withi n  gob let cel l s  has  not been quant i tated i n  the present study , the 

l imited h i s tochemical  and morphological observat ions made suggest  that 

ther e  were changes i n  the proport ion o f  the v ar i ous t ypes o f  

g l ycoproteins . Simi l a r  changes have been reported prev ious ly  i n  r a t  

res p i r atory airways a fter  e xposure t o  sulphur d ioxide , tobacco smoke 

( Lamb & Rei d , 1 968 & 1 969b ) and i soprena l i ne ( Sturgess & Reid , 1 97 3 ) ,  

and a lso i n  p i g  resp i r atory tract with enzoo t i c  pneumoni a  ( Jones ; e t  

al . 1 975 ) . Change i n  the proport ions of glycoproteins wou ld seem a 

sens i t i ve marker o f  damage to the respiratory epithe l i um s ince i t  may  

a l so occur w i th cell  hypertrophy but without goblet cell  i ncrease 

( Jone s ; et  al . 1 972 & 1 973 ) . 

The major ultrastructural changes whi c h  occurred i n  the 

bronchi ol ar epithel ium of both early  and advanced pneumo n i c  lesions  

wer e ; ( 1 )  the developme n t  o f  blebs i n  the api c a l  cytop l as m  o f  many 

c i l i ated cel l s , and ( 2 )  s e vere degenerati ve changes o f  the superf i c i a l  

epi the l i al c e l l  layer  which were part icularl y  marked i n  advanced 

les ions . The cytoplasmic projections are not a feature of normal 

c i l i ated bronchiolar  c e l l s  in sheep ( Chapter 2 ) . Similar though more 

exten s i v e  bleb formation h as been described in c i l i ated c e l l s  o f  the 

bronchi of dogs fol lowing pro longed exposure  to tobacco smoke ( Frasca ; 

et  al . 1 96 8 ) and i n  p i g s  i n fected e xper imenta l l y  with �· hyorhi n i s  

( Baskerv i l le and Wri ght , 1 97 3 ) . The production o f  blebs b y  such 
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d i verse method s suggests they may be nonspec i fic changes i nduced by  

i r r i tation med i ated b y  a number of d i fferent agents . The proj ections  

i n  both the present  study  and  those r eported by  Basker v i l l e  and 

Wri ght , ( 1 973 ) were longer than c i l i a  and p resent on a large numb e r  of 

bronchi olar cells . I t  therefore  seems probable that they could i mpede 

the mot i l ity  of the c i l i a  and consequent l y  i nterfere with clearance 

mechani sms i n  small  airways . 

Because of the detai led n ature of the current 

involving  SEM and TEM preparations of 5 d i fferent 

investigation  

levels  o f  the 

res p i r atory tract , o n l y  a relat i vely  sma l l  number of animalS-caul� be 

examined . Although they were obtai ned from several d i fferent farms , 

a l l  the animals  came from the Manawatu d i st ri ct so i t  is  unce r t a i n  

whether the lesions  observed represent a typical  

natur a l l y-occurring  C NP i n  New Zealand . Nevertheless the  

sample o f  

d i fferences 

observed between i nd i v iduals  were not g reat and were a matter o f  

degree o f  severity  rather than d i fferences i n  the nature o f  the 

lesions . 

Thi s  study has demonstrated that the t r acheobronchial  epithe l ium 

o f  sheep a ffected with  e i ther early  or a d vanced pneumon i c  lesions  

unde rgoes e xtens i v e  h i stologica l , u ltrastructural and  topographi c a l  

changes . A s  e xpected t h e  pathologica l  changes were more severe i n  

ad vanced than e a r l y  pneumo n i c  lesions , n evertheless , signi ficant  

bronchiol i t i s  and  hyperplas t i c  changes were e vident i n  the e a r l y  

lesions . Thi s  suggests  t h a t  CNP  may beg i n  as a tracheobronch i t i s , 

wh ich  with the accumu l at ion o f  i n t r abronch i o l ar e xudate and mucus may 

result i n  the obstruct ion o f  sma l l  a i rways . Thi s  i n  turn , may cause 

alveolar collapse , eventual l y  l ead i ng to the development o f  pneumo n i a  

a s  d i scussed later i n  Chapter 7 .  
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CHAPTER 4 

MORPHOMETRIC  STUDIES 

OF THE TRACHEOBRONCHIAL AI RWAYS 

1 . 0 I NTRODUCTION 

The mucosal  thickness o f  the t r acheobronchi a l  a i r ways and 

anatom ical  features of the submucosa l  glands have not been 

inves t i gated i n  e i ther normal or pneumon i c  sheep . Apart from l imi ted  

stud i e s  i n  man  ( Reid , 1 96 0 )  and p i g s  ( Baskerv i l l e , 1 972 ) l it t l e  

quan t i tative d a t a  i s  avai l ab l e  o n  the changes whi ch occur at d if ferent 

levels  o f  the t racheobronchi a l  tree d u r i ng the development o f  

pneumo n i c  lesions . Many o f  t h e  respi ratory pathogens i n  sheep  are  

likely  to i nhab i t  the t r acheobronchial  a i rways ( Chapter 3 ) . It  is  

important therefore , to acqu ire  a knowledge of the environment these 

organ i sms i nhab i t  and the changes which occur following i n fection , i n  

order t o  gai n a better understand ing o f  the pathogene s i s  o f  chroni c  

pneumon i a . 

Two important morphological  features o f  the tracheobronch i a l  

airways a r e  amenable t o  quan t i tative  i nvestigation . Thes e  are : 

1 .  The thickness o f  the var iou s  l ayers o f  the epithel i a l  

mucosa . 

2 .  The s i z e  and number o f  the submucosal gland s . 

The main aim  of the present study was to compare the mucosal  thickness 

at six  levels and submucosal  g land area  at four levels  o f  

tracheobronchi a l  a i r way o f  normal sheep a n d  t o  find how thi s  d i ffers 

in  sheep affected by early and advanced CNP . 

2 . 0  MATERIALS AND M ETHODS 

2 . 1 TRACHEOBRONCHIAL SPECIMENS 

The col lection  t echni que  and number o f  lungs used were the same 
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as prev ious l y  described i n  Chapter  3 .  Tracheobronchi a l  r i ngs were 

selected i n  the manner descr i bed previous l y ,  with the add i t ion o f  two 

more levels for s tudy of the epi the l i a l  mucosa l  thickness .  The two 

add i tional levels  studi ed were the sma l l  bronchi and bronch i o l i  

( Levels 5 & 6 ) . Because o f  the small  s i ze o f  the small  bronch i , the 

r i ng s  of these structures were embedded as a s i ngle p i ece of t i ssue . 

In  order to study primary bronch i ol i , a p iece o f  lung t i ssue was 

embedded . Four t i ssue b locks were obtai ned from each level and two 

consecuti ve sections were cut from e ach block . The sections were cut  

at  4 - 5 urn in  thickness and  stained  with  e i ther H & E or PAS 

techniques . The mucosal  thickness was measured using H & E stained 

sect ions , whi l e  both stains were used for submucosal g land 

morphometr y .  Consecuti ve sections o f  the s ame glands stained with  PAS 

were used as d up l i cates for the H & E sections . 

2 . 2  SELECTION OF  SUBMUCOSAL GLANDS 

Since the tracheobronchial  sections contained a var i able number 

of submucosal gland s ,  a r a ndom method was de veloped to select  three 

submucosal  gland s  from each H & E section for analysi s .  Glass marbles 

were numbered and set i n  numer ical order on a wooden rack , so that 

the i r  numbers were v is i b l e . 

( 1 ) Using a projection l i ght  microscope 

M icropromar , German y ] , the section was v i ewed 

tracing paper and each submucosal  gland i n  

[ Lei t z ,  Wet z lar , 

on a p i ece o f  

the section  was 

systemati c a l l y  numbered . Any group o f  three aci n i  or mor e  were 

counted as an  i n d i v idual  gland . 

( 2 )  The correspond i ng n umber  o f  marbles were p i cked from the 

rack , placed in a bowl , m i xed and three were d rawn to represent 

the submucosal  glands o f  that parti cu lar section . 

( 3 )  The selected g l ands were then t raced onto trac ing pape r . An 

out l ine  of the whole  gland and each acinus ins ide was recorded . 

( 4 )  After the g lands i n  the H 

correspond ing g l ands  on the 

traced . 

& E sect ion were traced , the  

PAS dupli cate s l ide were  also  
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Thus , 1 2  glands  were t raced i n  dupli cate from each 

tracheobronchi a l  level  g i v i ng a total o f  48 paired tracing ' s  from each 

animal . 

2 . 3  QUANTITATION 

2 . 3 . 1 MUCOSAL THICKNESS 

Four r andom sets of measurements were taken from d i fferent areas 

of each section using a l i ght microscope and micrometer i ntegrating  

eyep iece and  the  mean of  each section  was  recorded . These were : 

1 .  The epithe l i a l  thickness , measured from the basement 

membrane to the apical  surface of a c i l i a ted c el l . 

2 .  The mucosal thickness , measured from the luminal margi n  o f  

the carti laginous r ing t o  the apical surface o f  a c i l i ated c e l l . 

The d i fference between these two measurements was recorded as 

the submucosal  l ayer . 

( urn ) . 

A l l  the measurements wer e  read i n  m icrometers  

2 . 3 . 2  SUBMUCOSAL GLANDS 

The d i mens ions of each g l and were measured using a Summagraph i c  

d i g i t i ser  connected t o  a Hi tachi MBE 1 6002 microcomputer . A computer  

programme developed by Massey  Uni versity  Computer Centre was  used to 

calculate the total gland area , the total acinar area , the number of 

aci n i  per gl and and the ratio  between the area of each g land and the 

area of i ts aci n i . Addi t i onal l y ,  the non-acinar area and the mean of 

a s i ngle ac i nus were est imated from the data . 

2 . 4  ANALYSIS OF DATA 

2 . 4 . 1 UNIVAR IATE ANALYSIS 

The data was analysed u s i ng a Gener a l i zed 

Comput ing Package ( REG ) , ( Gi l mour , 1 98 3 ) . 

Linear Models  

Tracheobronchial  t i ssues were  classi fied i nto three groups on 

};of.l:SSEY UNIVERSIJ:l1 
LIBRARY 

• 
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the bas i s  of the i r  gross and h i stological features . Thes e  were : 

1 .  Normal , or control  group . 

2 .  Ear l y  pneumoni c  group . 

3 .  Advanced pneumon i c  group . 

The general  form o f  the l i near model used to analys e  the data 

was : 

whe r e : 

Yi j k  = t h e  kth observations i n  the i th group 

in the j th level  

u = the overall mean 

Ai = the effect o f  i th 

Bj = the effect o f  j th 

( AB ) · · l J  = the effect o f  the 

group 

l e vel 

i th group and jth l evel 

2 . 4 . 2  DUNCAN ' S  NEW MULTI PLE-RANGE TEST 

Thi s  test , whi le not a s  d i scerning  as other tests such as 

Student-Newman-Keu l s  test , h as the advantage of simp l i c i t y  ( Steel and 

Tor r i e , 1 9 8 1 ) .  It  uses mult i p le ranges for tes t i ng and is result 

guided . Con fidence interv a l s  are not appropr i ate ; the notion o f  

confidence i s  replaced by that o f  protect ion levels  against  find i ng 

false signi ficant d i fferences at various stages o f  test i ng . The test 

uses a var i able level dependent  on the number o f  means i nvol ved at any 

stage . I t  i s  based on the i d e a  that as the number o f  means under test 

increases , the probab i l i ty that they will  a l l  be a l i ke becomes 

smal l e r . 

3 . 0  RESULTS 

3 . 1  TRACHEOBRONCHIAL MUCOSAL THI CKNESS 

The results are  presented as h i s togr ams of mean thicknesse s . 

The tables on which  they based are l i sted i n  the Append i x  together 

with Duncan ' s  test o f  signi ficant d i f ference s . 

• 
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3 . 1 . 1  NORMAL SHE E P  

The mean thicknesses o f  t h e  t racheobronchial  mucosa of normal 

sheep are shown in ( Fig . 4 . 1 A ) . 

showed that there  were s igni fi cant  ( P  

Statistical ana lyses o f  the data 

< 0 . 00 1 ) d i fferences i n  the 

ep i the l i a l , submucosal and mucosal  thickness at d i fferent levels  

( Append i x  4 . 1 ) .  Duncan ' s  test  showed that the epithel ium o f  the upper 

trachea was s igni fi cantly  ( P  < 0 . 05 ) thicker than that o f  the rest  of 

the tracheobronchi a l  a irway . The lower t racheal e p i theli um was also 

s i gn i fi cantly ( P  < 0 . 0 1 ) thicker than the more peripheral  a i rways , but 

the thicknesses of extrapulmona r y , i ntr apulmonary and small bronchi 

were not s ign i fi cantly  d ifferent  from one another .  However , the 

epithe l i al thickness  of all t racheobronchial  airways examined was 

sign i fi cant ly  ( P  < 0 . 0 1 ) thi cker than that of the bronchio l i  ( Append i x  

4 . 2 ) . 

The mucosa and submucos a  o f  the upper trachea were not 

sign i ficant l y  thicker than those o f  

significantly  ( P  < 0 , 0 1 ) thi cker than 

lower trachea but they were 

those o f  the rest  o f  the 

tracheobronch i a l  a i rways . The r e  were no s igni ficant d i fferences 

between the thicknesses o f  e x tr a - and i ntrapulmonary bronchi or 

between sma l l  bronchi and bronchi o l i . However , there were s igni ficant 

( P  < 0 . 05 )  d i fferences between these two main groups o f  airway  levels . 

The r atio  between the mucosal  layer and epithel i um began at 

1 1 . 1 : 1  i n  the upper trachea b ut decreased gradual ly  unt i l  it  became 

2 . 2 : 1 in the primary bronchiol i . At the s ame t ime the ratio  between 

mucosa and submucosa increased d i stally  from 1 . 1 : 1  i n  the upper 

trachea to 1 . 8 : 1  i n  the pr imary bronch i ol i . The ratio  between 

submucosa and epithe l ial  l ayers  was a lmost equal a t  the level of 

primary bronchi o l i  ( 1 . 2 : 1 )  but enlarged toward the upper trachea wher e  

it  became a s  large as 1 0 . 1 : 1 ( Table  4 . 1 ) .  

3 . 1 . 2 EARLY PNEUMONI C  LESIONS 
• 

The mean thicknesses o f  the tracheobronchial  mucos a  o f  e a r l y  

pneumonic  sheep 

obtai ned revealed 

significantly  ( P  

are presented i n  Figure 4 . 1 8 . Analys i s  o f  the data  

that  epithe l i um o f  the upper t rachea was  

< 0 . 0 1 ) thicker than that  of  the rest o f  the a i rway 
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levels  ( Append i x  4 . 3 ) . The mucosa and submucosa o f  the upper t rachea 

wer e  a l so sign i ficant ly  ( P  < 0 . 0 1 )  thicker than those of the rest  of 

the t racheobronchial  ai rways . Although there wer e  no signi ficant 

di fferences between the lower t rachea and extrapulmonary  bronch i , they 

were both signi ficantly  ( P  < 0 . 0 1 ) thicker than the mor e  per i pheral 

airways . Stat istical  analys i s  showed that there were no s i gn i ficant 

di fferences between thi ckness e s  i n  the i n trapulmonar y bronch i , small  

bronchi and  bronchioli  ( Append i ces 4 . 3  & 4 . 4 ) , 

The ratio  between the mucosal and e p i thelial  l ayers o f  the upper 

trachea ( 7 . 9 : 1 )  was smal ler than that of the lower trachea ( 9 . 6 : 1 )  and 

extrapulmonary  bronch i ( 8 . 3 : 1 ) .  The lower t racheal r a t io was greater 

than that o f  extrapu lmonary  bronchi , thereafter , i t  decreased d i st a l l y  

unt i l  i t  became ( 2 . 3  : 1 )  a t  the primary bronchiol i . However , the 

ratio between mucosa and submuco s a  i n  the upper trachea ( 1 . 2 : 1 )  was 

similar  to  that o f  the intrapulmonary bronch i . Thi s  ratio decreased 

between upper trachea and extrapu lmonary bronchi but thereafter i t  

increased d i stally  The ratio  between submucosa and epithel ium was 

similar to the pattern whi ch occurred wi th the mucosa  to submucos a  

ratios ( Table 4 . 2 ) , 

3 . 1 . 3 ADVANCED PNEUMONI C  LESIONS 

The mean thicknesses of the t racheobronchial  mucosa of advanced 

pneumoni a  are shown in F i gure 4 . 1 C .  Sta t i stical anal ys i s  o f  the 

epithe l i a l  measurements showed there were no s igni ficant d i fferences 

in  thickness  between the upper trachea , intrapulmonary bronch i , sma l l  

bronchi a n d  bronchiol i . However , these four a i r ways wer e  

s igni ficant l y  ( P  < 0 . 05 )  thicker than the lower t rachea and 

e x tr apulmona r y  bronchi , which in turn , 

d i fferent from one another ( Appendices 

were not 

4 . 5  & 4 . 6 ) . 

s igni ficantl y  

The mucosa and 

submucosa o f  the upper trachea was s i gn i ficantly (P < 0 . 0 1 ) thicker 

than other parts o f  the tracheobronch i a l  tract . Although there were 

no significant  d i fferences between lower t rachea , e x tra- and 

intrapulmonar y bronchi they were s ig n i ficantly ( P  < 0 . 0 1 ) t h icker than 
• 

the small  bronch i . No s i gni ficance d i fferences were observed between 

small bronch i and bronch i o l i  ( Fig . 4 . 1 C & Appendi ces 4 . 5  & 4 . 6 ) . 

The ratio  between mucosa and e p i thel i um decreased irregularly  i n  

a d i stal d ir ec t ion from upper trachea ( 1 3 . 2 : 1 )  to  primary bronchiol i 



Figure 4 . 1 

The mean thicknesses ( with  s tandard 

tr acheobronch i a l  epithel ium , submucosa and 

levels  of no rmal lungs ( A ) , early  pneumonic 

adv anced pneumonic lesions ( C )  • 
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( 2 . 4 : 1 ) .  At the extrapulmonary bronchi i t  was similar  to the ratio  i n  

t h e  lower trachea b u t  a t  t h e  i nt r apulmonary  bronchi l e v e l  i t  was 

marked l y  sma l l er than the r atio  o f  the h igher tracheobronchi a l  

a i r ways . The r atio  between mucosa a n d  submucosa increased d is t a l l y  i n  

an uneven manner . I t  was s imilar a t  the upper trachea , lower trachea 

and extrapulmonary  bronchi levels , but increased thereafter  to 1 . 7 : 1 .  

The ratio between the submucosa and epithe l i um decreased d i s ta l l y .  

Although the r a t io a t  the extrapulmonary  bronchi was similar  t o  that 

at the lower trachea and that o f  the i nt rapulmonary bronch i , it was 

much smaller  than at higher levels  ( Table 4 . 3 ) . 

3 . 1 . 4 THE COMPARATIVE STUDY OF MUCOSAL THICKNESS 

3 . 1 . 4 . 1  E PITHELIUM 

Stat istical  analys i s  showed that there  were s igni ficant 

di fferences i n  the thickness o f  the epi thel ium o f  the small bronchi ( P  

< 0 . 05 )  and bronchioli  ( P  < 0 . 0 1 ) between the three groups ( Fig . 4 . 2A 

& Append i x  4 . 7 ) . Duncan ' s  test showed that at the level  of the upper 

trachea , the epi thel ium of early  pneumonic  animals was s ignificantly  

(P  < 0 . 05 )  thicker than that  of both  normal and  advanced pneumonic  

group s , but there were no s i gn i ficant d i fferences between the l ast  two 

categor ies . At small  bronchi and bronchiol i levels  , the e p i thel ium 

o f  ad v anced pneumonic les ions was s igni ficantly ( P  < 0 . 05 and P < 0 . 0 1 

respective l y )  thi cker than that o f  both normal and early  pneumonic  

groups , but no s i gni ficant d i fferences were  observed between the early  

pneumonia  and  normal sheep ( Fig . 4 . 2A & Append i x  4 . 8 ) . No 

signi ficant d i fferences between the epithel ium of normal , early  and 

advanced pneumonic  animals were observed at the lower trachea , extra­

and intrapu lmonary bronch i . 

The tracheobronch i a l  epi thel ium i nc reased more variably  along 

the ai rways in  both early and adv anced pneumonic  groups than in normal 

lungs ( Fig . 3 & Append i x  4 . 1 3 ) . In both early and advanced les ions , 

however , the p r i mary bronchioli  were the most severe l y  affected 
� region . The 1 nc rease i n  epithel ial  thickness o f  this r eg ion was 9 3 �  

and 234 . 6% respectively  above that o f  normal sheep . 



TABLE 4 . 1 :  THE RATIO BETWEEN THE LAYERS OF 

THE TRACHEOBRONCHIAL MUCOSA OF 

NORMAL SHEEP AT DIFFERENT LEVELS 

THE RATIO AT EACH LEVEL --

MUCOSA LAYERS L 1  L2 L 3  L 4  L 5  

MUCOSA : EPITHELIUM 1 1 . 1 : 1  8 . 3 : 1 6 . 9 : 1 5 .  4 :  1 3 .  2 :  1 

MUCOSA : SUBM UCOSA 1 • 1 : 1 1 .  1 :  1 1 • 2 :  1 1 • 2 :  1 1 • 5 :  1 

SUBMUCOSA : EPITHEL� UM 1 0 . 1 : 1  7 .  3 :  1 5 . 9 : 1 4 .  4 :  1 2 . 2 : 1 

TABLE 4 . 2 : THE RATIO BETWEEN THE LAYERS  OF THE 

TRACHEOBRONCHIAL MUCOSA OF EARLY 

PNEUMONI C  LES IONS AT DIFFERENT LEVELS 

THE RATIO AT EACH LEVEL 

MUCOSAL LAYER S  L 1  L2 L 3  L 4  L5 

L6 

2 .  2 :  1 

1 . 8 : 1 

L 2 :  1 - -

L 6  

MUCOSA : EPITHELIUM 7 . 9 : 1 9 .  6 :  1 8 . 3 : 1 6 . 2 : 1 3 .  4 :  1 2 .  3 :  1 

MUCOSA : SUBMUCOSA 1 • 2 :  1 1 .  1 :  1 1 .  1 :  1 1 .  2 :  1 1 • 4 :  1 1 .  7 :  1 

SUBMUCOSA : EPITHELIUM 6 . 9 : 1 8 .  6 :  1 7 . 3 : 1 5 .  2 :  1 2 .  4 :  1 1 • 4 :  1 

TABLE 4 . 3 :  THE RATIO BETWEEN THE LAYERS OF THE 

TRACHEOBRONCHIAL MUCOSA OF ADVANCED 

PNEUMONIC LESIONS AT DIFFER ENT LEVELS 

MUCOSAL LAYERS 

MUCOSA : EPITHELIUM 

MUCOSA : SUBMUCOSA 

SUBMUCOSA : EPITHELIUM 

• N . B  

L 1  

1 3 . 2 : 1 

1 .  1 :  1 

1 2 . 2 : 1 

THE RATIO AT EACH LEVEL 

L2 L 3  L 4  L 5  

1 0 . 2 : 1 1 0 . 5 : 1  6 . 3 : 1 3 . 5 : 1 

1 .  1 :  1 1 • 1 : 1 1 • 2 :  1 1 .  4 :  1 

9 . 2 : 1 9 .  5 :  1 5 .  3 :  1 2 . 5 : 1 

L6  

2 . 4 : 1  

1 .  7 :  1 

1 • 4 :  1 

L 1  = UPPER TRACHEA , L2 = LOWER TRACHEA , L 3  = EXTRAPULMONAR Y  

BRONCHI , L 4  = I NTRAPULMONARY BRONCH I , L 5  = PRIMARY BRONCH I , 

L6 = BRONCHIOLI . 
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3 . 1 . 4 . 2  SUBMUCOSA 

Statistical  analys i s  of the measurements  of thi s  l ayer s howed 

there were sign i fi cant d i fferences between  groups in the thicknes s  o f  

the intrapulmonary bronchi ( P  < 0 . 05 ) , sma l l  bronchi ( P  < 0 . 0 1 ) and 

bronch i o l i  ( P  < 0 . 0 1 ) ( Fi g . 4 . 2B & Append i x  4 . 9 ) . However , no 

s i gn i fi c ance d i fferences were observed between the trachea and 

ex trapulmonary bronchi . Duncan ' s  test showed that the submuco s a  o f  

t h e  animals with advanced pneumonia  was s igni ficantly ( P  < 0 . 05 )  

thicker than normal but not thicker than early  pneumonic  ani mal s at 

the intrapulmonary and sma l l  bronchi- l evels-;- - -At- -the---brorrchi:crl t ,  - -the--­
submucos a  was s igni ficantly  ( P  < 0 . 0 1 ) thicker than that o f  normal but 

not early  pneumonic  sheep ( Append i x  4 . 1 0 ) . 

There was a v ar i able  i ncrease i n  the thickness o f  submucosa a t  

a l l  tracheobronchi a l  l e v e l s  i n  both early  and advanced pneumo n i c  

lesions when compared t o  normal lungs ( Fi g . 4 . 3  & Append i x  4 . 1 3 ) . In  

both ear l y  and advanced l es ions , the primary bronchi o l i  were  most 

severe l y  affected and the i ncrease i n  the thickness being 1 1 8 . 6% and 

298 . 7% r espect i vely . 

3 . 1 . 4 . 3  M UCOSA 

Anal yses of the data obtai ned for the thickness o f  the mucosal  

layer a s  whole ,  showed s ig n i ficant d i fferences ( P  < 0 . 0 1 ) at  

intrapulmonary bronch i al , sma l l  bronchial  and bronchiolar  levels , but  

no  s igni ficant d i fferences a t  the t racheal and  extrapulmonary  

bronchi a l  levels  ( Fi g . 4 . 2C & Append i x  4 . 1 1 ) .  Duncan ' s  test showed 

that onl y  advanced pneumo n i c  l es ions were s i gn i ficantly thicker than 

normal . This  was true at the levels  o f  the upper trachea ( P  < 0 . 05 ) , 

intrapu lmonary  bronchi  ( P  < 0 . 05 ) , sma l l  bronchi ( P  < 0 . 0 1 ) and 

bronchiol i ( P  < 0 . 0 1 ) ( Append i x  4 . 1 2 ) . 

The percentage increase abov e  normal i n  the mucosal  thickene s s  

along t h e  tracheobronch i al tract  was vari ab l e . Sma l l  bronchi and 

primary bronchioli  were the most severely a f fected with i ncreases o f  

1 46 . 5% and 268 . 2% respectively  ( Fi g .  4 . 3  & Appendi x  4 . 1 3 ) . 



Figure 4 . 2  

D i f ferences i n  the mean thickness  o f  the epi thel i um ( A ) , 

submucosa ( 8 )  and mucosa ( C )  between normal , early  pneumonic  

and  advanced pneumonic  groups . 
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Figure 4 . 3  

The percentage i ncreas e  in  mean thickne s s  o f  epithe l i um ,  

submucosa and mucosa i n  e a r l y  and adv anced p neumon i c  groups 

compar ed to normal lungs . 
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3 . 2  SUBMUCOSAL GLANDS 

3 . 2 . 1 NORMAL SHEEP 

When  the data obtained from normal sheep was analysed 

stat i s t ical l y ,  signi ficant d i fferences i n  the numb e r  o f  acini  ( P  < 

0 .  00 1 ) , gland area ( P  < 0 . 0 1 ) ,  total acinar area  ( P  < 0 . 0 1 ) ,  

non-ac i nar area ( P  < 0 . 0 1 ) and gland area to acinar  area ratio ( P  < 

0 . 05 ) were found a t  d i fferent levels  of  the a irways ( Fi g .  4 . 4A & 

Append i x  4 . 1 4 ) . However , ther e  were no s igni ficant d i fferences in the 

area of s ingle ac i n i  within submucosal glands a t  d i fferent airway 

levels . Usi ng Duncan ' s  test for further analyses the n umber o f  acini , 

gland area , total acinar  area and  non-ac inar  area o f  s ubmucosal  gland s  

i n  the upper trachea were found to be signi ficantly ( P  < 0 . 0 1 ) higher 

than those i n  other parts o f  the a i rway ( Append i x  4 . 1 5 ) . All the 

parameters  measured i n  the lower trachea , except non-a c i nar area were 

sign i ficantly  ( P  < 0 . 05 )  h igher than those in the i ntr apulmonary 

bronchi  ( Append i x  4 . 1 5 ) . The non-acinar  area o f  the l ower trachea was 

sign i ficantly  ( P  < 0 . 05 )  h igher than at o f  both e x tra- and 

intrapulmonary bronchi but no s ign i f icant d i fferences were observed 

between the submucosal  gland p arameters o f  extra- and i ntrapulmonary 

bronch i . I n  add it ion , ther e  was no s i gn i ficant d i fference between 

single ac i nus area at d i fferent  l evels . 

3 . 2 . 2  EARLY PNEUMONIC  LESIONS 

A summary of the data obtained from the submucosal g lands of 

sheep w i th early pneumoni c  l e sions is g iven i n  F i gure 4 . 48 and 

Append i x  4 . 1 6 .  No s i gn i ficant d i fferences were found i n  the number o f  

ac i n i , g land area , acinar area , non-aci nar area , acinus a r e a  and gland 

area to acinar area r atios between the various t racheobronchial  

levels .  

3 . 2 . 3  ADVANCED PNEUMONI C  LESIONS 

A summary o f  the data obt a i ned from the submucos a l  glands of 

advanced pneumoni c  les ions is g i ven in Figure 4 . 4C and  Append i x  4 . 1 7 .  

Stat i s t i cal  analyses o f  the data  showed that the only  s igni ficant ( P  < 

0 . 0 1 ) d i fference between tracheobronchi a l  l evels was i n  the number  o f  

ac i n i . U s i n g  Duncan ' s  t e s t  for further analyse s , t h e  n umber  o f  aci n i  
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in  the upper trachea l  submucosal  glands wer e  found t o  be s igni fican t l y  

( P  < 0 . 0 1 ) higher than those i n  t h e  extra- a n d  i ntrapulmonary bronchi 

but not sign i fican t l y  d i fferent from those o f  lower trachea ( Fi g . 

4 . 4C & Append i x  4 . 1 8 ) . The number o f  ac i n i  i n  the lower trachea were 

signi ficantly ( P  < 0 . 05 )  hi gher than those i n  the intrapulmona r y  

bronch i , but there were no s igni ficant d i fferences between e xtra- and 

intrapu lmonary bronchi  ( Fi g . 4 . 4C & Append i x  4 . 1 8 ) . Although , the 

single ac i nar area showed only a marg inally  s i gn i ficant d i fference ( P  

< 0 . 07 )  between levels , further statistical  analyses , using Duncan ' s  

test  revealed that the single  acinar area  at the level  o f  the 

intrapulmonary bronchi was s igniffcahtry ( P  < o: 05)  · l arger- than that 

of upper trachea and extrapu lmonary bronch i . However , ther e  was no 

signi ficance d i fference from that o f  lower t rachea ( Fi g . 4 . 4C & 

Append i x  4 . 1 8 ) . 

3 . 2 . 4  COMPARATIVE STUDIES OF THE SUBMUCOSAL GLANDS 

3 . 2 . 4 . 1  NORMAL LUNGS AND EARLY PNEUMONIC LESIONS 

A comparative statistical  analysis  o f  the submucosal  glands o f  

normal and ear l y  pneumon ic  sheep reveal ed that there were n o  

sign i ficant  d i fferences a t  e i ther  upper ( Fi g . 4 . 5A & Append i x  4 . 1 9 )  

and lower tracheal levels ( Fi g . 4 . 58 & Append i x  4 . 20 ) . Signi ficant  

changes were  first  seen  at the  level  o f  the  extrapulmonary b ronchi 

where the number  of acini  per gland i ncreased s igni ficantly ( P  < 0 . 05 )  

( Fi g . 4 . 5C & Append i x  4 . 2 1 ) .  Ther e  were no s i g n i fi cant d i fferences 

in  the total gland , acinar , non-aci nar  and s i ngle  acinar areas or 

gland area  to aci nar area ratio . 

The submucosal  glands o f  intrapulmona r y  bronchi i n  ear l y  lesions  

showed h i ghly s i gn i f icant changes when  compared to normal animal s .  

Ther e  was a signi ficant increase ( P  < 0 . 0 1 )  i n  the number  o f  aci n i , as  

wel l  as an  increase  i n  the aci nar , non-ac i n a r  and total gland areas . 

In  add i t io n , the gland area to aci nar area ratio  was s igni ficantl y  

increased ( P  < 0 . 05 ) .  No s igni ficant d i fference was found i n  s ingle  

aci nus area between pneumonic  and normal sheep  ( Fi g .  4 . 5D & Append i x  

4 . 22 )  



Figure  4 . 4  

The parameters o f  the submucosal glands i n  normal ( A ) , 

ear l y  pneumonic ( B )  and adv anced pneumonic ( C )  gro ups . 
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Fi gure 4 . 5  

A compa r a t i ve statistical analysis  of submucosal g l and 

parameters o f  normal and early pneumonic  groups at the upper 

trachea ( A ) , lower trachea ( 8 ) , extrapulmonary bronchi ( C )  and 

intrapulmonary  bronchi ( D ) . 
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3 . 2 . 4 . 2  NORMAL LUNGS AND ADVANCE D  PNEUMONI C  LESIONS 

A compar i son between the submucosal  glands o f  the upper and 

lower t rachea of normal sheep ( Fi g . 4 . 6A & Append i x  4 . 23 )  and 

advanced pneumonic  les ions ( Fi g . 4 . 6B & Append i x  4 . 24 )  showed that 

ther e  were no signi ficant d i f ferences between the two g roups . At the 

level of the extrapulmonary bronch i , however , analys i s  showed that the 

number of aci n i  increased s i g n i ficantly ( P  < 0 . 00 1 )  in pneumonic  

sheep . There  was a lso a sign i fi cant ( P  <0 . 05 )  increase i n  the area of 

total  g l and and non-aci nar area o f  the gland ( P  < 0 . 0 1 ) ( Fi g .  4 . 6C & 

Append i x  4 . 25 ) .  The mucosal g lands o f  the intrapulmona r y  bronchi o f  

advanced lesions showed a s ig n i ficant i nc rease i n  t h e  number  o f  acini  

( P  < 0 . 0 1 ) ,  gland area  ( P  < 0 . 06 )  and acinar  area ( P  < 0 . 0 6 ) . There 

were  no s igni ficant d i fferenc e s  in the non-aci nar area , s i ngle  a c inar 

area or gland area to acinar r at io ( Fi g . 4 . 6D & Append i x  4 . 26 ) . 

4 . 0  DISCUSSION 

4 . 1  MUCOSAL THICKNESS 

The present s tudy has succeeded i n  quanti fying the prol i ferat i ve 

changes observed i n  the mucosa o f  the tracheobronchial  a i rways of 

sheep w i th CNP . I t  i nvolved detai led measuremen t  and statis t i cal 

analys i s  of s i x  d i fferent leve l s  of normal lungs and comparison with 

similar  s i tes i n  early  and advanced pneumo n i c  l es ions . 

Although the methods used i n  measurement were r e l a t i vely  s i mple , 

the interpretat ion o f  the data obtained would not have been possible  

without the  use o f  a computer  based anal yt ical system . The  computer 

stat i s t ical  model  ( REG ) used was generali zed l inear model  program 

developed by an agricultural  statistical  group . I t  fits  any l inear 

mode l  to unbal anced uni var i at e  and multivar i ate data ( Gi lmour , 1 98 3 ) . 

Previous studi es o f  thickness o f  layers  o f  the tracheobronch i al 

mucos a  has been confi ned mai n l y  to human pathology where  i t  has been 

used as a d i agnostic  aid  in chronic  bronch i t is . I n  1 96 0 ,  Reid  

developed a techni que ( later known as the Reid Inde x ) to quant i fy 

mucous g land changes by  measur i ng the ratio  o f  the thi ckness o f  the 

gland l ayer to the thickness  of the bronchial  wal l i n  main  bronch i . 



F i gure 4 . 6  

A compa r a t i ve statist ical  analys i s  of submucosal gland 

parameters o f  normal and advanced 

upper trachea ( A ) , lower t rachea ( B ) , 

( C )  and intrapu lmonary  bronchi ( D ) . 

pneumon ic  groups at the 

extrapu lmonary  bronch i 
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Since then the Reid  i ndex  has been c r i t i ci sed on several  grounds 

( Dunn i ll , 1 982 ) , and this  led to the development o f  other techni ques 

ai med at measur i ng the total percentage  o f  bronchial  wall occupied by  

glandular tissue  ( Restrepo and  Heard  1 963a  & b ;  Dunni l l ; et �· 

1 969 ) .  S ince submucosal gland hypertrophy has an i mportant 

patho logical counterpart i n  human chronic  bronch i ti s ,  a l l  o f  the above 

men t i oned techniques were i nterested to establish the percentage 

vol ume or rat io  o f  the b ronchi a l  wal l occupi ed by  mucous gland s . 

Because the a i m  o f  the present i nvest igation d i ffered from these 

prev ious stud i e s , a mor e  approp r i a t e  method o f  measurement was 

developed by which  the thickness o f  the epi thel i a l  and submucosal - ­

layers could b e  esti mated separate l y .  

I n  thei r  studies  o f  tracheobronchi a l  a i rway morphology Mar i assy  

and Plopper ( 1 98 3 )  found that normal sheep fol lowed the conventional 

classi fication into car t i l aginous and non-carti laginous regions ( We i s s  

and Geep , 1 977 ) . They showed t h a t  t h e  epi thel i a l  thi ckness o f  

cart i laginous a ir ways was greater than that of non-cart i l ag i nous and 

thi s  find i ng coinc ided with the d i sappearance of the mucosal  glands . 

Thes e  authors gave  no indicat ion o f  the method and unit  of measurement 

used or deta i l s  o f  the relative  thickness o f  the d i fferent levels . 

The morphometric  method used i n  the present study has confi rmed 

Mari assy and P lopper ' s  ( 1 98 3 )  obser v at ions and provided a great deal  

o f  add i t ional i n formation on the  a i rwa ys o f  normal sheep . I t  has been 

shown that the epi thel i um thins progressi vely from the upper trachea 

to the prima r y  bronchi o l i  and ther e  i s  a pos i t i ve correlation  between 

epi thel i a l  and submucosal  thickness . As the epi thel ium decreases in 

thickness , the submucosa fol lows the s ame pattern . 

The thi n ning pattern of ovine  t racheobronchi al a i r way  epithel ium 

observed in thi s  study was d i fferent from that o f  the rat . Although 

they made no mention  of the method and unit  of measuremen t , Jeffer y 

and Reid ( 1 975 ) estimated the thickness  o f  normal rat  epith e li um at 

fi ve  levels and observed a progress i ve thinning from upper to l ower 

trachea . The epithel ium of the lower trachea was thidker than at the 

mor e  per i pheral  a i rway l evels , but a l l  the r emainder were of simi lar  

thickness . 

In the pneumon i c  l esions currently stud ied , a progres s i ve 
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muco s a l  thinn i ng from upper t rachea to p r i mary bronchi o l i  was s t i l l  

apparent with mos t  of the thi nn i ng o f  the mucos a  occurr i n g  between the 

upper and lower trachea . However , the thinning  patte r n  seen i n  the 

advanced pneumo n i c  les ions was more i rregular than that in early  

pneumo n i a . Earl i e r  morphologi c a l  stud i e s  ( Chapter 3 )  have shown that 

the i n creased thickness is caused by oedema , cel lular  i n f i l trat ion and 

gland hypertrophy i n  the submucosa together with  oed ema and 

hypertrophy of the epi the l ium . 

An i ncrease i n  the wal l thickness o f  peripheral a ir ways during  

the  development o f  CNP  together with the accumulation o f  i n f lammatory 

cel l s  and mucus must result  i n  part i al obstruct ion o f  the a irway l umen 

of the affected part o f  the respi ratory tract . These changes are 

l ikely  to rad ic a l l y  a l ter the vent i la t ion of the a ffected area . 

Histologica l l y ,  some o f  the smal l a i rways were found to be  completely  

obstru cted particular l y  at the  smal l  bronchi and bronch i o l i  levels  

( Chapter  3 ) . These find ings are s im il ar to those descr ibed i n  human 

chron i c  bronch i t i s  ( Dunn i l l , 1 98 2 )  and enzootic  pneumonia  in  pigs  

( Basker v i l l e , 1 972 ) . 

The narrowing  o f  the a i rways ( part i cularly  sma l l  bronchi and 

primary bronchiol i )  in early  les ions may also be a contr i buting factor 

to the reflux  and accumulation o f  mucus in  the alveo l i ,  observed b y  

Alley and Clarke , ( 1 979 ) i n  experimentally  and natur a l l y  i nfected 

sheep . 

The current study has c learly  demonstrated that sma l l  bronchi 

and pr imary bronchi o l i  o f  both early  and advanced pneumonic  lesions 

showed propor t ion a l l y  the greatest increase i n  thickness and were 

signi f icantly  thicker than that o f  control animal s .  The e ffects of 

thi s  change are l ikel y to be  a mald i s t r ibution of venti lat ion or 

hypovent i lation due 

ven t i l at ion i s  the 

to changes in l um i n a l  volume . 

r esult o f  loc a l i sed uneven 

Mald i s t r i bution o f  

changes i n  lung 

compl i ance and a i rway resistance . Alveo l i  with decreased compl i ance 

wi l l  t ake a smaller  volume of gas than normal alveo l i . I f  sever e , 

these functional 

exchange , lead i ng 

Wil l i ams ( 1 97 1 )  

• 
d isturbances may be  suffic i ent 

to hypoxemia ( Robinson and 

demonstrated that hypo x i a  can 

to i mp a i r  gaseous 

Gi l l es pi e , 1 975 ) . 

be  caused by 

hypovent i l at ion and that abnormal ven t i lation-perfusion  r e l a tionships 

are the most  i mportant cause o f  hypox emia .  Whe n  the total lung 
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capac i t y  and functional  residual  capac ity  are reduced the a ffected 

animal w i l l  need a larger amount o f  muscular e ffort to overcome 

increased l ung elastic  reco i l  dur ing breathing ( Robinson and 

Gillesp i e , 1 975 ) . The i ncreased respiratory work  r equ ired  by an i mals  

with these changes may be a major  contr ibuting factor t o  poor growth 

rates and decreased food convers ion effi c i ecy obser ved by  Jones ; et 

al . ( 1 9 82a ) and Al ley , ( 1 985 ) . 

4 . 2 SUBMUCOSAL GLANDS 

L i t t l e  attention has been prev iousry- paid - to --cnange-s - i n - the 

tracheob ronch i al a ir ways and submucosal  glands of sheep with CNP . 

Nevertheless , submucosal gland e n largement i s  considerable ( Chapter 3 )  

and i t  i s  poss ible  that i ncreased mucus production p lays a role i n  the 

pathology and c l i n i c a l  syndromes o f  the d i sease ( Al l e y  and Clarke , 

1 979 ; P i ri e , 1 979 ) . 

Calculat ion o f  the ratio  o f  mucous gland thickness to bronchi a l  

wall depth h a s  been accompl i shed i n  porcine  e n zoot i c  pneumonia  

( Basker v i l l e , 1 972 ) and  human chroni c  bronchi t i s  ( Re i d , 1 960 ) . I n  

both these investigat ions , measurement was made by  use  o f  the Reid 

index . Thi s  techn ique can be c r i t ic i sed on several ground s : ( 1 )  It  

will  be i n fluenced by  crenat i o n  o f  the  tracheobronch i a l  mucosa which 

is frequently  presen t . ( 2 )  The r e  are very few places whe r e  mucosa and 

carti l age  are paral l e l . ( 3 ) It t akes no account of the large quant i ty 

o f  gland u lar  t i ssue s i tuated deep o r  lateral  to the  carti lage 

( Dunni l l , 1 98 2 ) .  ( 4 )  It  p rovides n o  i n formation o n  whether the 

increase was i n  the actual g l andular a c i n i  o r  in the  non-aci nar 

interst i t i a l  t issue of the gland . 

It  was for these reasons that mor e  detailed  methods of 

measurement were developed by Restrepo and Heard ,  ( 1 9 6 3 ) ; Hale ; et 

al . ( 1 9 68 ) ; Dunn i l l ; et  al . ( 1 9 6 9 ) whi ch aimed a t  measur i ng the 

total percentage o f  bronch i a l  wall occupi ed by glandular  t issue . 

These method s r equire  that a standard bronchus be  used for e ach 

measurement and that the adven t i t i a l  marg i n  of the bronchus be  clearly  

defined . Dunn i ll ; et  al . ( 1 969 ) used a point cou n t i ng method to 

measure the proportion  of various structures within  the bronchi a l  

wal l . 
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The present invest igation a i med not only at assessing the 

presence and degree of submuco s a l  g land enlargement but sought to 

iden t i fy the t ype of t i ssue involved  and its d istribution at various 

levels  o f  the tracheobronchial  a i rways . To col lect this amount o f  

i n formation i t  was necessary t o  u s e  a summagraphic d i g i t i ser and a 

microcomputer  to process and store the data . 

The submucosal  g l ands o f  the respiratory airways are  o f  much 

greater signi ficance than mucosal  goblet c e l l s  in  producing  mucus . I t  

has been e s t i mated that normal human gobl e t  c e l l s  account for onl y  2 %  

o f  mucus production i n  the trach eobronchi a l- tree- - { Dunn-i l l , - 1 982 h 

Submucosal g land hype r trophy has been reported in chro n i c  bronch i t i s  

and cysti c  fibros i s  o f  man ( Reid , 1 978b ) and experiment a l  enzoot i c  

pneumoni a  o f  pigs  ( Basker v i l l e , 1 972 ) . I t  has a l so b e en produced 

experiment a l l y  in a number o f  l aboratory animals as a mode l  for human 

d i sease such as chron i c  bronch i t i s  and cystic  fibrosis  ( Reid , 1 978 ) . 

The results  obtained i n  the p r esent study have shown that i n  

normal sheep the number  of aci n i  together w i th the area o f  t h e  total 

g land and both i t s  acinar and non-aci nar  components decreased 

graduall y  from the upper trachea to  the i ntrapulmonary bronch i . Thi s  

indicates that the g lands gradual l y  became sma l ler and cont a i ned fewer 

acini  as the peripheral  a i rways wer e approached . Despite  thi s ,  the 

submucosal g lands at a l l  levels had the s ame proport ion o f  gland area 

to acinar area  with the e xception o f  the upper t rachea where the 

glands had more non-ac inar tissue than elsewher e .  Because the total  

acinar  area o f  the  upper  trachea submucosal  glands was  s i gn i ficantl y  

l arger than e l sewhere , i t  could b e  e x pected that each submuco s a l  g land 

in  the upper trachea would prod uce a greater volume o f  mucus than the 

lower parts o f  the bronchial tree . Since the t rachea i s  t he c losest  

part to  the  e xternal  environment , it  i s  l ikely to be subj ected to mor e  

irritants than the peripheral parts . A l arge volume o f  mucus may 

therefore be  necessary  to trap and d il ute nox ious par t i c l e s  whi ch have 

an irri tant effect on sensory nerve endings ( Chevi l l e , 1 98 3 ) . The 

stimulation of the tracheal parasympathet i c  nerve end ings  ind uces the 

cough refle x , whi ch r emoves debri s  b y  forcing  it to the pharynx wher e  

i t  will  b e  swal lowed . 

Although , the present study h as shown that normal submucosal 

g lands i n  the sheep have var i ab l e  numbers  o f  aci n i  a t  d i fferent 
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tracheobronch i a l  level s , the area means of a s ingle acinus at any 

level were s i mi l ar . In  sheep with early pneumon ic l e s ions , however , 

there  was no s i gn i ficant d i fference i n  the number of acini  i n  the 

submucosal glands at d i fferent levels . Detai led examination of the 

data revealed that this was due to a d ecrease in the number of acini  

in the  upper t r acheal glands  and  concomitant i ncrease i n  the number o f  

aci n i  in  t h e  glands at a l l  the lower levels . Further con fi rmation o f  

hyperplastic  a n d  perhaps hypertroph i c  changes i n  t h e  submucosal  g l ands 

was provided by the d at a  showi ng an increase i n  the total gland acinar 

and non-acinar  areas . These a reas increased to a point  a t  whi ch there 

were no sign i ficant  d i fferences between levels - as the-re - was ih  - normal 

an i mal s .  An e xception to  this  occurred in  the upper trachea where 

there was a s l ight but nonsigni ficant decrease in  gland area compared 

to normal sheep . 

The data obtai ned from ad vanced pneumonic l esions showed there 

was severe submucosal  gland enlargement at all levels . The 

enlargement i n  the gland area was due  to both hypertrophy of the 

submucosal glands and an i ncrease in  the number of ac i n i . Thes e  

changes occurred at ever y level , i nc l ud ing t h e  upper t rachea . 

The comparative  statistical  analyses o f  submucosal  g land 

parameters showed that the most significant changes i n  

tracheobronchial  air ways o f  early pneumonic sheep occurred i n  the 

intrapulmona r y  bronch i . In  this  r egion there were i ncreases  i n  the 

number of aci n i , the total gland area , and both acinar and non-aci nar  

components . The  area occup i ed by  submucosal  glands  and  glandular 

ac i n i  i n  earl y  pneumonic  sheep was twice that of normal animals . 

These  two obser vations were enough to confirm that hyperpl a s t i c  and 

hypertrophic  changes were occurring s imultaneous l y .  These changes 

were more severe in sheep with advanced les ions where  they also 

i n vo lved extrapu lmonary  bronch i . 

The role  o f  i n fection a s  an i n i t i ator o f  chroni c  bronchi t i s  i n  

man i s  uncertain  and a direct  causal relationship between i n fection 

and bronch i a l  gl and hypertrophy has never been estab l i shed in  e i ther  

humans or e x per imental animal s .  I n  the p i g , however , it  has been 

found that e x perimental enzootic  p neumonia  i s  associ at ed with 

submucosal gl and hypertrophy ( Baskerv i l l e , 1 972 ) . Thi s  was the f i r s t  

naturally  occurring lung d isease i n  animals  i n  which the gland changes 
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of  chronic bronch i t i s  were r ecogni sed as being r elated to i nfection . 

The current quan t i t a t i ve i nvest igation  and the previous morpholog i ca l  

ev idence ( Chapter 3 )  have confi rmed that similar  changes occur i n  

sheep and that these a r e  related t o  t h e  presence o f  i nfectious agents . 

The nature o f  the mechanism by which submucosal  gl and 

enlargement occurs remains  uncert a i n . The possib i l i ty o f  a d irect 

i r r i tant e ffec t  producing hyperplas i a  s eems unl ikely as there was no 

evidence of i nvas ion of the gland or the r espiratory mucosa by  

organ isms . Jones ; et �· ( 1 975 ) s uggested that bronch i a l  gland 

hypertrophy whi ch occurred in the e x per i mental enzootic  pneumon i a  o f  

the pig  may be  a reflex  response t o  a local stimulus acti ng e i ther 

directly  on the overlying bronch i al epithe l i um or in the p e ripher a l  

region of  the l ung . Since � is now w e l l  established t h a t  enzoo t i c  

pneumon i a  i n  p i g  i s  caused by  Mycoplasma hyorhinis , these authors  

suggested that hydrogen peroxide  produced by  these organi sms may act 

as an i r r itant  to receptors within  the a i rways . It has a l so been 

observed that the admin istration o f  chemicals such as i soprenal ine to 

rats may cause t racheal submucosal  gl and hypertrophy ( Sturgess and 

Reid , 1 97 3 ) . Jone s ; et  a l . ( 1 975 ) p roposed that an  i ncr ease i n  

act i v ity , from a n y  caus e , leads t o  a n  i ncrease i n  t h e  s i ze o f  the 

gland , in othe r words  " work" hypertrophy may lead to c e l l  hypertrophy 

and eventual l y  to cell  hyperplas i a . 

The present study represents the first  quantitat i ve e xper imental 

wor k  car r i ed out  in  sheep resp i r atory tract . I t  has succeeded in  

measuring and statistically  assess i ng the d i fferences i n  the  t hickness 

of mucosal l ayers and submucosal  gla nd areas . In  add it i o n , detai led 

i n formation on the d i fferences whi ch occurred in early and advanced 

pneumonic  lesions  has been obta ined . Although the method s used i n  the 

present study were relat i vely  sophi st i cated , traci ng the submucosal  

glands  twice onto paper  in  add i t ion to the  delination b y  s ummagraphi c  

d i g i t i ser  was t i me consuming and the use o f  more  advanced method s o f  

sta i n ing and i mage analys i s  are recomm ended for future  stud i e s  of  this  

type . 
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Respir atory mucus may come from two anatomical sources ; the 

secretory cells  o f  the surface epithel ium and those of the submucosal  

gland s  ( Reid , 1 96 3 ; Jones ; et �· - 1 975 )-� - The major i t y  o f  mucus , 

however , comes from submucosal glands ( Chapter 4 ) . 

Present knowledge o f  the varieties o f  gl ycoprote i n  synthe s i sed 

by secretory cells  is based on the i r  intracel lu lar identi fication  by  

h i stochemical t echn ique s . No  abnormal type o f  gl ycoprot e i n  i s  found 

i n  disease , but there  may be striking changes in the proportion  of the 

var ious secretory cell t ypes . Histochemical analys i s  has provided 

in formation on the changes which occur i n  d i seases  such as chro n i c  

bronchi t i s  i n  man ( Du nn i l l , 1 982 ) and enzoo t i c  pneumo n i a  i n  the p i g  

( Jones ; et  al . 1 975 ) .  These changes may also be i nduced 

experimenta l l y  in r esponse  to i r r i tation ( Lamb and Reid , 1 96 8 ;  Jone s ; 

et  al . 1 97 3 ) , certa i n  d rugs ( Sturgess and Reid , 1 973 ; Baskerv i l le , 

1 976 ; Klei nerman ; et  al . 1 97 6 ) or enzymes such as 

pancreatopept i d ase ( elastase ) ( Ch r i stensen ; e t  al . 1 977 ) . Such 

e x pe r i ments wer e  undertaken to prov ide  animal mode ls for human disease  

and al low the  study of gl and and goblet  cel l  changes expe r i mental l y .  

The work presented i n  this  chapter i s  the result o f  

i nves t i gations of t h e  h i stochemical nature o f  glycoprot e i n s  i n  the 

tr acheobronchi a l  submucosal  glands o f  normal sheep and sheep affected 

with early and adv anced s t ages o f  CNP . 

2 . 0  MATERIALS AND METHODS 

2 . 1 COLLECTION OF TRACHEOBRONCHIAL SPECIMENS 

The lungs and trachea were  collected from 1 8 ,  5 to 9 month old  

lambs s laughtered at a local  meat  works : six  were normal , s i x  showed 
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ear l y  CNP lesions  and s i x  showed advanced CNP les ions . Each l ung was 

subsequentl y  ex amined histologically  and all ful fi l led the requi rement 

for each group ( Chapter 3 ) . Fi xation and selection o f  l e vels  for 

examination wer e  similar to those described previously  ( Chapter 2 ) , 

although only  the first 4 levels  were involved i n  this  study . E ach 

tr acheal r i ng was cut into fou r  p i eces , washed in PBS , processed and 

embedded rout i n e l y  i n  paraffi n . They were thtn cut a t  4 to 5 urn and 

sta i ned wi th H&E and AB pH 2 . 6-PAS techniques ( AB-PAS ) ( Append i x  5 . 1 ) .  

Bec ause o f  the v ar i able d i st r ibut ion of secretory cell  types i n  the 

ov ine  tracheobronchi a l  a i r ways four d i fferent levels  of a i rway were 

sel ected for study . 

2 . 2  STAINING TECHNIQUES 

Alc i an blue at pH 2 . 6  period ic  acid Schi ff ( AB-PA S )  was used as 

the bas ic  histochemical r eaction . Alc i an blue ( a  water soluble  copper 

thaloc yan i n )  stains  acidic , weakly  su lphated or acid ic , non-sulphated 

mucoglycoprote i n s , when used at pH 2 . 6-3 . 0  ( Bancro ft and Stevens , 

1 97 5 ; Cul l i ng , 1 97 4 ) .  The PAS r eaction stains  aldehydes as a result  

of ox idation ; a red colour ( Cull i ng , 1 97 4 ) . By  the combi nation of  

these two techn i ques i n  one method ( Append i x  5 . 1 ) ,  carboxylated acid  

mucopolysacchar i des , neutral  and  mixed  mucins  can  be  d i fferent i ated 

( Lamb and Reid , 1 972 ; Jone s  and Rei d , 1 973a & b ) . 

Five  categories  of s t a i n i ng response were r ecogni sed within  

cel l s ; blue , b lue-red , red , r ed-blue and purple . These colours 

ind icated a d i fferent inte n s i t y  o f  stai n ing and were used to del ineate 

the area d i stribut ion of e ach type o f  g lycoprote i n . Two c e l l  types 

sta ined with only one o f  the two stains used , ei ther blue or red , and 

the i ntermed iate  groups wer e  then subd i v ided accord ing  to whi ch o f  the 

two stains  predominated . The interpretation o f  the intermed iate  

s t a i n i ng response was  s i m i l ar to that  described by  Jones ; et  al . 

( 1 9 75 ) .  Br i e fl y ,  after AB pH 2 . 6-PAS , the blue region o f  the gland 

contains  acid glycoprot e i n  onl y ;  the blue-red region v irtually  a l l  

ac i d  glycoprotein ; the red  region cont ained neutral gl ycoprotein  o n l y  

and red-blue practically  a l l  neutral gl ycoprotein . I n  the blue-red 

area a trace o f  redness showed the presence o f  a few n eutral  r ad i cle s , 

but s ince the amount was minimal i t  was accepted that most o f  a cell  

staini ng i n  thi s  way contained the  ac i d  group . The s ame procedure was 

fol lowed in the red-blue area  but in this  case it was assumed that 
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mos t  of  a cell  staining red-blue contained the n eutral  group . The 

fi fth colour category ; purple , was assumed to conta i n  equa l  amounts 

of  acid and neutral glycoprote in mixed together in one g l andular cell  

( Bancroft and Stevens , 1 975 ) . 

2 . 3  QUANTITATION 

The proportion  of  the d i fferen t i a l l y  staining submucosal  glands 

were estimated by a point-counting techn ique using a Zeiss i ntegrating 

eyepi ece with 25 po ints ( Du n n i l l ,  1 968 ) . The pos i t ion o f  each point  

in the eyepiece was recorded according to  the  constituent � n - which --i t- ­

lay on the histo logical sect ion . A hand-operated counting dev ice o f  

the type used for d i fferent i a l  blood counts  was used t o  record the 

resu lts  of each estimate . To more accurately d i fferentiate  the 

his tochemically  produced colour s , an o i l  immers i on high  power 

obj ect i ve ( X 1 00 )  and ( X 1 0 )  ocular were used . Sixty four fields  g i ving 

1 600 possible  hits were surveyed for each level . The area o f  each 

field was 0 . 06 mm2 and the total area surveyed for each level was 3 . 84 

mm2 • The result  for any stain  or colour was e xpressed as a percentage 

of the total area o f  mucous c e l l s  examined and analysed statistically  

by the same methods previou s l y  used to  analyse morphometric  data 

( Chapter 4 ) . 

3 . 0  RESULTS 

3 . 1  TYPE AND DISTRI BUTION OF GLYCOPROTEINS AT EACH LEVEL 

3 . 1 . 1  NORMAL SHEEP 

Most mucous c e l l s  in the normal ovine t racheobronchial 

submucosal gl and s stained e i ther red-blue or purple . Very few cells  

stained blue , blue-red or red  with  the comb i ned AB-PAS techn ique . I t  

was concluded that they were mostly  non-alcianoph i l i c  t o  some degree 

and thus contai ned neutral glycoprote in . With these t echn iques , the 

ovine tracheobronchial  mucosal  glands presented a var i egated • 

appearance due to d i f ferent types o f  glycoprotein . Cel l s  with similar  

staining  features were o ften grouped togethe r , although adj acent cells  

sometimes d i ffered widely . 
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Stat istical  analyses o f  the number o f  pos i tive counts a t  e ach 

level revealed that the red-blue and purple stained glycoprotein 

content o f  submucosal  glands wer e  sign i fi cantly ( P  < 0 . 0 1 and P < 0 . 05 

respecti vely )  greater than other glycoprote ins  at  each level . There 

were no s i gni ficant di fferences between the blue , b lue-red and red 

stai ned gl ycoprote ins  ( Fi g .  5 . 1 A & Append ix  5 . 2 ) . The red-blue 

stai ned glycoprote i n  compri sed 6 0-70 % and the purple 1 9-24  % o f  total 

glycopro teins in  the glands at  e ach level ( Fi g .  5 . 1 8 ) . 

When the data for each type o f  the g lycoprotein was analysed 

statistical l y ,  it  was found that the red-blue and purple group v ar ied 

most signi ficantly ( P  < 0 . 00 1  and P < 0 . 0 1 respect i vely ) be tween 

levels ( Fig . 5 . 1 8  & Append i x  5 . 3 ) . Duncan ' s  test s howed that the 

blue and blue-red stained glycoprote ins  were significant l y  ( P  < 0 . 05 )  

greater i n  the submucosal glands o f  the lower trachea than o f  other 

level s ,  whi l e  the red group was not signi ficantly d i fferent . The 

submucosal  glands o f  bronchi contained s i gn i fi cantly ( P  > 0 . 05 )  more 

red-blue and less purple than the upper trachea whi ch in turn 

conta ined s igni ficantly (P > 0 . 05 )  more purple than the other 

glycoproteins  ( Fig . 5 . 1 8  & Appe n d i x  5 . 4 ) . Figure 5 . 1 C i l lustrates 

how the red-blue stai ned glycoprote ins  i ncreased gradual l y  and the 

purple stained group decreased gradually from the upper tr achea to the 

intrapulmonary bronch i . 

In order to s i mp l i fy the analys i s ,  the glycoproteins  were 

d i v ided i nto 3 groups . The blue and b lue-red sta i n i ng groups were 

added together ( acid  gl ycoprote i ns ) , the red group was added to the 

red-bl ue ( neutral g lycoprote i n ) . These were compared statistically  

with the purple group ( mix ed g lycoprote in ) .  Thi s  analys i s  showed that 

there were sign i ficant var iations between levels ( Fi g . 5 . 1 C  & Append i x  

5 . 5 ) . The submucosa l  glands o f  the bronchi contained s i gni ficantly ( P  

< 0 . 05 )  more  neutr a l  glycoprotein  than those o f  the trachea . I n  

contrast the mi xed g l ycoproteins  were s i g n i ficantl y  ( P  < 0 . 05 )  

decreased i n  the submucosal g l ands o f  bronchi when compared to the 

trachea . The submucosal glands of the lower trachea conta i ned 

significantly  ( P  < 0 . 05 )  more acid g l ycoprotein than those of the 

intrapulmonary bronchi ( Fi g .  5 . 1 C  & Append i x  5 . 3 ) . 



Figure 5 . 1  

Stati stical  analys i s  o f  the d i fferent types o f  

gl ycoprotein  at each l evel ( A )  a n d  between l e v e l s  ( B )  of  

normal tracheobronchial  a i rways . I n  C the categor ies  o f  

gl ycoprote i n  a r e  simpli fied i n to m i xed , acid and neutral • 

• 
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3 . 1 . 2 EARLY PNEUMONIC LESIONS 

There was a highly signi ficant ( P  < 0 . 00 1 ) over a l l  relat ionship 

between d i fferent types o f  glycoprotein  at each level throughout the 

tracheobronchial  tract of sheep with early  pneumon i c  lesions ( Fi g . 

5 . 2A ) . Duncan ' s  test indicated that in  the upper trachea the red-blue 

and purple sta ined glycoproteins groups were present in  sign i ficantly  

(P  < 0 . 05 and P < 0 . 0 1 ) larger  amounts than  the other glycoprote ins . 

No signi ficant d i fferences was found between the remaining groups 

( Fig . 5 . 2A & Append i x  5 . 6 ) . In the l ower trachea , the red-blue 

staining  g l ycoprotein  group was once aga i n  present in s i gn ificantly  ( P  

< 0 . 0 1 ) greater amounts than the others . The purple  group was 

signi ficantly ( P  < 0 . 05 )  greater in amount than the blue group whi ch 

in  turn showed no signi ficant d i fference from the red and blue-red 

stained groups ( Fig . 5 . 2A & Append i x  5 . 6 ) . At the extra- and 

intrapulmonary bronchi the submucosa l  glands contained sign i fi cantly 

(P  < 0 . 0 1 )  greater amount o f  red-blue staining glycoprotein  whi l e  the 

purple group was sign i fi cantly  ( P  < 0 . 05 )  more extens i ve than the blue 

and blue-red groups ( Fig . 5 . 2A & Append i x  5 . 6 ) . 

When the amount o f  e ach glycoprote in  was compared between 

level s , there were no s i gn i fi cant d i fferences ( Append i x  5 . 7 ) . 

However , Duncan ' s  test showed that the submucosal glands o f  the lower 

trachea conta ined signi ficantly (P > 0 . 05 )  more blue-red stained 

gl ycoprote in  than the upper trachea . The upper t rachea i n  turn 

contain ed significantly  ( P  < 0 . 05 )  more purple glycoprotein  than the 

lower trachea and e xtrapulmonary bronchi ( Fi g .  5 . 28 ) . 

However , when the categories of g l ycoproteins were s impl i fied 

into acid  ( blue and blue-red ) ,  neutr al  ( red and red-blue ) and mi x ed 

( purple ) ,  it  was found that there were no s ignificant  d i fferences 

between the amount present i n  each of these groups at d i f ferent levels 

( Fig . 5 . 2C & Append i x  5 . 8 ) .  Duncan ' s  test ind icated that the 

submucosal glands of the lower trachea contained signi ficantly ( P  < 

0 . 05 )  more neutra l  gl ycoprotei n  than the upper trachea and that o f  the 

upper trachea contained s i gniticantly  ( P  < 0 . 05 ) more purple 

glycoprote in  than the lower tr achea ( Fi g .  5 . 2C ) . 



• 

Figure 5 . 2  

Statistical  ana l ys i s  o f  the d i fferent types o f  

gl ycoprotein a t  each level  ( A ) and between leve l s  ( 8 )  o f  the 

tracheobronchi a l  airways o f  the early  pneumoni c  group . In C 

the categories  o f  glycoprotein  are s impl i fied into m ix ed , ac i d  

a n d  neutral  • 
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3 . 1 . 3 ADVANCED PNEUMONI C  LESIONS 

Statistical  analys i s  o f  the d ata obtai ned from advanced 

pneumon ic les ions revealed that red-blue and purp le staining 

gl ycoproteins were present i n  signi ficantly ( P  < 0 . 0 1 ) greater amounts 

than other gl ycoproteins . All  other types of gly coprote i n  showed no 

s i gn i ficant d i fferences at any level . However , the red-blue group was 

s i gn i ficantly ( P  < 0 . 0 1 ) more widely  d istr ibuted than the purple 

gl ycoprotein ( Fig . 5 . 3A & Append i x  5 . 9 ) .  

When the amount o f  each type o f  glycoprotein  present was 

compared betwee n  level s , it was found that ther e were no s i gn i ficant 

d i fferences ( Append i x  5 . 1 0 ) . Further statisti cal analys i s  using 

Duncan ' s  test found that the submucosal glands of the upper trachea 

co ntai ned signi ficantly ( P  < 0 . 05 )  more blue-red glycoprote i n  than the 

other levels . In add it ion , the g l ands  of the lower trachea contained 

more red g l ycoprote i n  than the i ntr apulmonary submucosal  glands ( Fig . 

5 . 3B ) . 

Simp l i f i c ation of categor i es i nto acid ( blue and blue-red ) , 

neutral ( red and red-blue ) and mi xed ( purple ) revealed that there were 

no signi ficant d i fferences in the amount of each type of glycoprotein 

present between d i fferent levels ( Fi g .  5 . 3C & Append i x  5 . 1 1 ) .  

3 . 2  COMPARATI V E  STATISTICA L  ANALYSIS 

When the glycoprote i n  content o f  the submucosal g l ands  o f  normal 

lungs were compared to the lungs from sheep with ear l y  and advanced 

CNP lesions , the results showed that there were no s i gn i ficant 

d i fferences between the groups at the upper trach e a ,  lower trachea and 

ex trapulmonary bronchi levels ( Fi g .  5 . 4A , B , C  & Append i x  5 . 1 2 ) . 

Further statist ical analysis  using  Duncan ' s  test showed that the 

submucosal glands  of the upper trachea from early pneumo n i c  sheep 

contai ned signi ficantly ( P  < 0 . 05 )  more red glycoprotei n  than normal 

lungs and adv anced pneumonic  lesions  ( Fi g .  5 . 4A ) . At the 

i ntrapulmonary bronchi , the submucos a l  g l ands of early  and advanced 

pneumonic  lesions  contained signi ficantly ( P  < 0 . 05 ) more blue-red 

gl ycoprotein  than that of normal lungs ( Append i x  5 . 1 2 ) . In addition , 

it was found that purple glycoprote i n . was present in s igni ficantly ( P  



Figure 5 . 3  

Sta t i st ical  analys i s  of the d i fferent types o f  

gl ycoprote i n  at each level ( A )  a n d  between l e v e l s  ( B )  o f  the 

tracheobronch i a l  a i rways of the advanced pneumoni c  groups . I n  

C the c ategories  o f  glycoprote i n s  a r e  simp l i fi ed i nto mi xed , 

acid  and neutr a l . 
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< 0 . 05 )  greater amounts i n  both early and advanced CNP les ions when 

compared to normal lungs ( Fig . 5 . 40 ) . 

Group i ng o f  glycoproteins i n to acid (blue  and blue-red ) ,  neutral 

( red and red-blue ) and  mixed ( purple ) showed that i n  the 

intr apulmonary bronchi the acid glycoprotei n  was sign i ficantly  ( P  < 

0 . 05 )  more widely d i stributed , whi l e  neutral glycoprote i n  was 

sign i ficantly ( P  < 0 . 05 )  decreased in advanced lesions compared to 

normal and ear ly  pneumonic  anima l s  ( Fi g .  5 . 40 & Append i x  5 . 1 3 ) . 

Using Ouncan ' s  test for further analysis  i t  was found that the m ixed 

gl ycoprote i n  from glands of both e arly  and advanced �N� l e sions were 

sign i fican tly  ( P  < 0 . 05 )  increased when compared to normal lungs ( Fi g .  

5 . 40 ) . 

Analysis  o f  the total number o f  pos i t ive reactions o f  the 

gl ycoproteins  between levels i n d i cated that the level had s i g n i fi cant 

effect (P  < 0 . 0 1 ) on the number o f  cells  in  the normal group . 

However , there was no i nd ication o f  similar  effects i n  e i ther the 

early or adv anced CNP groups . Ouncan ' s  test showed that the total 

number of ac tive cel l s  i n  submucosal glands of the upper trachea was 

significantly (P  < 0 . 05 )  higher than that from other level s . I n  the 

normal sheep there was a progress ive  decrease in the total active  

cells  per  gland area from the upper  trachea to  the i ntrapulmonary 

bronchi in  the normal sheep ( Append i x  5 . 1 2 )  but no such pattern  was 

observed in the ear l y  and advanced pneumon i c  groups . 

To study the total acti ve cell  numbers per level between normal 

and pneumonic  groups , the data from the three groups was fi tted i nto 

the computer model . The results indicated that there were s i g n i ficant 

di fferences between the groups at  the upper tr achea ( P  < 0 . 0 1 ) and 

intrapulmonary bronchi levels ( P  < 0 . 00 1 ) .  However , Ouncan ' s  test 

showed that the upper trachea submucosal  glands of the normal and the 

advanced pneumonic an i mals conta i ned signi ficantly ( P  < 0 . 05 )  more 

active cells  per g land area than those of the early pneumonic  group . 

In the intrapulmonary bronchi , submucosal g l ands from both the early  

and advanced CNP  lesions  contained signi ficantly (P  < 0 . 05 )  more 

act i ve c e l l s  per g l and area than those of normal sheep ( Append i x  

5 . 1 2 ) . 



Figure 5 . 4  

A comparative  stat i stical  analysis  o f  the d i fferent 

types o f  g lycoprote in  i n  normal , early pneumon i c  and adv anced 

pneumonic  groups at upper trachea ( A ) , lower tr achea ( B ) , 

e x trapulmonary  bronchi ( C ) and in trapu lmon ary bronchi ( D ) . 
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4 . 0  DISCUSSION 

Since no detai led histochemical  stud ies  o f  the glycoproteins  i n  

tracheobronch i a l  submucosal  glands o f  sheep have previous ly been 

reported , the current investigation was concerned primar i l y  with the 

d i stribution of the three main type s ; acid , mi xed and neutral . Acid 

g l ycoprotein was present in very sma l l  amounts , whi l e  the neutral 

group was the most abundant i n  normal 

histochemical techn ique ( AB pH 2 . 6-PAS ) used 

used prev ious ly  to identify glycoproteins  

ti ssue sites ( Jones and Reid , 1 973 a ;  b ·  , 

and pneumonic  sheep . The 

i n  thi s study 

i n  a var i ety o f  

Jones ; et  al . 
-- --

has been 

epithe l i a l  

1 975 ) . I t  

o ffers a relatively  s imple means o f  i ndenti fing and analys i ng changes 

in the distribution o f  g lycoproteins , both within a cell  and cel l 

popu lation ( Jones ; et  a l . 1 973 ) . 

The m i x ed glycoprotein was c l a s s i fied as a group in  the present 

study because i t  stai ned a distinc t i vely homogeneous purple colour , 

d i fferentiating i t  from the blue-red or  red-blue group s . Thi s  

gl ycoprotein was found in  every l e ve l  o f  normal and pneumonic  ovine  

tr acheobronchi a l  a irways , in  proport i onally  higher amounts than acid  

gl ycoprotein . At only one level o f  the pneumonic tracheobronchi a l  

tr act it  was found in  significantly g reater amounts than normal ; the 

intrapulmonary bronchi . 

The types o f  glycoprotein  found i n  the submucosal  glands  of the 

normal ovine tracheobronchial  ai rways were s i milar to those of both 

man ( Lamb and Reid , 1 969b ) and the p i g  ( Jones ; et  a l . 1 97 5 ) , with 

the exception that the g l ands from sheep conta ined mixed glycoprotein 

and more neutral  glycoproteins . The study o f  the d i stribution o f  

these substances at d i fferent leve l s  o f  the tracheobronchi a l  tree o f  

normal sheep showed that toward s t h e  per ipheral ai rways neutral 

gl ycoprotein i ncreased to more  that 80% o f  the total , whi l e  acid  and 

mixed types decreased . 

In pneumonic  sheep the total g lycoprotein content o f  the 

submucosal glands  decreased s l i ghtly below normal in the upper trachea 

but increased greatly abov e  normal in the i ntrapulmonary bronch i . The 

mos t  l ikely e x planation for these changes is that they were caused by 

mucosal cell enlargement and hyperpla s i a . or hypertrophy of submucosal  

glands . The d i stribution of the g l ycoprotein types i n  g l ands from 
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pneumonic  sheep w a s  d i fferent from that o f  the control animal s . 

Quanti tative anal ys i s  o f  the mucous cel l s  showed that i n  the g l ands 

from pneumonic sheep the percentage o f  the acid glycoprotein  was 

increased , when compared to normal sheep . 

Change in  the proportion o f  cell s  producing acid  and neutral  

gl ycoproteins  has  been reported with goblet cell hypertrophy  and 

hyperplasia  in  rat  respi ratory ai rways a fter approx imately  3 weeks 

exposure to irr i t ants  such as sulphur d io x ide  ( Reid , 1 963 ; L amb and 

Reid , 1 96 8 )  and tobacco smoke ( Lamb and Reid , 1 969a ) . Secretory cel l s  

of the rat ai rway sur face may contain  granule� -o f  neutral- g l ycoprotei n  

o r  o f  acid glycoprotei n ,  o r  a mi xture o f  these granules ( Jones ; et  

al . 1 97 3 ) .  When these authors  exposed rat a irways to tobacco smoke , 

the reg ional d i fference i n  the secretory c e l l  types observed in  normal 

rats was lost . They found that within 2 4  hr of exposure to the 

irri tant the cel l type containing a m i xture of acid and neutral  

granules was predominant throughout the a i rways . However , after s i x  

weeks o f  exposure most ce l l s  contained ac i d  glycoprote i n  throughout 

the a i rways . Othe r  workers have found that a chemical stimulus to the 

sec retory cell popul at ion may also change the predominant acid  

gl ycoprote in  cell  type . Thus i sopren a l i ne sulphate was found to 

increase the absol ute number o f  cel ls con ta i n i ng acid  glycoprote i n  i n  

rat airway epithel ium ( Sturgess and R e id , 1 973 ) . Change from the 

predom inant acid g roup has also been found in  mucous cells  in the 

hypertrophied bronchi a l  submucosal g lands  of pigs with enzooti c  

pneumo n i a  exper imentally  i nduced by int r anasal  inoculation o f  M .  

hyorh i n i s  ( Jones ; et  a l . 1 975 ) . Jones ; et al . ( 1 975 ) observed 

that the increase in  gland s i ze was accompanied by i ncrease in  the 

proportion of the area containing  acid  g lycoprotein . I n  the present 

study the acid g lycoprotei n  increased and neutral  glycoprotei n  

decreased signi ficantly  i n  submucosal  glands  o f  intrapulmonary bronch i 

from sheep with CNP  lesions . 

Change in the proportion o f  the glycoproteins i s  not clearly  

understood but i t  would seem to  be  a sens it ive  marker o f  d amage to 

respi r atory epithe l ium , s i nce it may a l so occur in goblet  c e l l  

hypertrophy without a n y  increase i n  c e l l  numbers ( Jones ; e t  a l . 

1 97 3 ) . However , Jones and Reid ( 1 978 ) postulated that i n  the 

bronchiol i , irritation  causes a tran s i t ion from one secretory cell  

type to another ; from Clara  to serous and  from serous to mucous 
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cel l s . An indiv idual cell  can quickly " switch o n "  organel les that 

lead to d evelopment of a secretory cell or  " switch over"  from the 

production of one glycoprotei n  type to another . These changes affect 

both the original  population and new s ecretory c e l l s  that are 

developing and may result from conversion or  mitosis ( Jones and Reid , 

1 97 8 ) . Basker v i l le ( 1 976 ) and Jones ( 1 97 8 )  observed that on 

withdrawal  o f  the stimulus these steps may be retraced at various 

speed s ,  depending on the time of exposure , to return to the original  

state . 

The reason for change in  the proportion  o f  g l ycoprotein - types · 

within a cel l popu lation i s  not clearly  understood ( Jones ; et a l . 

1 975 ) .  A cel l may contain the enzymes necessary for the production o f  

a wide range of glycoproteins . Quantitative  stud ies i n  the r a t  have 

shown that a single  goblet cell may produce both neutral and acid 

glycoproteins  ( Jones ; 

serous cells  of the 

1 970 ) . 

et al . 1 97 3 ) . The s ame i s  true o f  mucous and 

human bronchial  g l ands ( Lamb and Reid , 1 969c ; 

The proportion of glycosyltrans ferases within mucous secreti ng 

cel l s  i s  thought to be an important factor govern i ng glycoprotein  

synthesis  ( Boat & Cheng , 1 980 ) . Baker ; et  a l . ( 1 975 ) demonstrated 

an increase in  glycosyltrans ferases in  micro somal fractions from cel l s  

prepared from resp i ratory tract t i ssue showing goblet cell  and 

submucosal  gl and hyperplas i a , i n  dogs exposed to su lphur d ioxide . 

Degand ; e t  a l . ( 1 973 ) suggested that an i ncrease i n  galactosamine ( 

a carbohydrate s ide chain o f  the g lycoprote i n ) leads to an increase in  

the length of the gl ycan chains  and  thus to a possible i ncrease i n  the 

number of sites  avai l able for sulphation of the g lycoprote in . I t  has 

also been proposed that the i ncrease i n  sulphomuci n  observed in  the 

cel l s  o f  the hypertrophied bronch i a l  gland s  of the pig  is secondary to 

the synthes i s  o f  gal actosamine ( Jones ; et a l . 1 975 ) . 

Whi le a change i n  the type o f  glycoproteins may be the result o f  

an increase in  the rate of biosynthes i s , a n y  change would appear t o  be 

independent o f  its  rate o f  d i scharge from c e l l s . It seems that where  

there i s  no st imulus to increase production , d ischarg ing c e l l s  produce 

an acid g lycoprotein  but where there is such a stimulus , production o f  

neutral glycoprote i n  i s  favoured ( Jones ; e t � · 1 975 ) . In  the rat , 

it  has been observed that there i s  a shi ft to sulphated glycoprotei n  
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without an increase i n  the rate  o f  mucous d i scharge from goblet cel l s , 

after exposure to tobacco smoke to whi ch phenylmethylox ad i asole ( PMO)  

[ an anti -i n flammatory agent ] has  been  added ( Jones ; et  �· 1 97 3 c )  or 

after isoprenaline ( an antispasmod i c  agent ) ( Jones ; et  al . 1 972 ) was 

added . However , organ culture studies  have shown that , unlike  

isoprenaline ; pi locapr ine  ( chol inergic and  parasympathominetic  agent )  

increases secretion from bronch i a l  glands ( Sturgess and Reid , 1 972a  & 

b ) . I n  in  v i vo stud ies  in  the rat , epi thel i al  goblet c e l l s  appeared 

to be empty of secretion  and increased in number  fol lowing  pi locap r i ne 

admini stration . The i ncreased number of cel l s  contained both neutral  

and  acid  g l ycoprotei n s  ( Sturgess and Reid , 1 973 ) . After the 

admin i strat ion of ben zylamine ( Bi solvon ) a loss of goblet cel l s  

secreting acid glycoprotein , particular l y  sulphomuci n , has been 

associ ated with an i ncrease i n  the rate o f  mucous cell d i scharge 

( Janatuinen and Korhone n , 1 969 ) . Infections whi ch lead to bronchi a l  

hypertrophy such as e xper imentally produced porcine  enzootic  

pneumon i a , also appear to  st imu late goblet  cell  d ischarge with  a 

red uct ion i n  acid glycoprote in  and an i ncrease i n  neutral glycoprotein  

production ( Jones ; et al . 1 975 ) . 

Although no attempt was made in  the present study to ident i fy 

the types o f  acid glycoprote in , the d i str ibut ion of the hi stochemical  

types of mucin  were s imilar throughout the  ovine  tracheobronchi a l  

ai rway . Thi s  finding is  similar  t o  that i n  man ( Lamb and Reid , 1 970 ; 

Jones and Reid , 1 969c )  and the p i g  ( Jones ; et  al . 1 975 ) .  

The normal function o f  the mucoc i l i a r y  system rel ies on the 

integri ty and activ ity  of the c i l i a , the presence of a prec i l i ar y  

layer and the phys ical properties o f  the tracheobronchial  mucus l ayer 

( Lopez-Vidri ero and Reid , 1 97 8 ) . The v isco-elastic  properties  o f  

mucus are determined b y  the structure o f  bronchial g lycoprotein and 

the concentration o f  the various types o f  macromolecules and the i r  

interaction ( Boat and Cheng , 1 980 ) . The i nc rease i n  v i scosity  o f  

mucus i n  humans with chronic bronch i t i s  has  been related to a n  

increase i n  N-acetylneuraminic aci d  content ( Keal and 

Other macromolecules ( such as l ysozyme , albumin and 

fucose content of mucus , are a l so corre lated with 

Reid , 1 972 ) .  

IgA ) and the 

its v i scos i ty 

( gelation ) ( Boat and Cheng , 1 980 ) . Increase i n  the number o f  mucous 

ce l l s , the i r  extension to peri pher al  a i rways and gland hypertrophy are  

the characteristic  pathological changes found in  chronic  bronch i t i s  o f  
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man ( Dunn i l l , 1 982 ) and experimentally  i nduced porc ine  enzootic  

pneumon i a  of p i gs ( Basker v i lle , 1 972 ) . Extension  o f  epi the l i al mucous 

ce l l s  to more periphera l  airways than normal and submucosal gland 

hyper trophy have also been observed in lambs with CNP ( Chapter 3 and 

4 ) . Experimental studies  with r i g i d  branchi ng tubes and var ious 

liquids  having d i fferent v i sco-elastic  properties  have shown that the 

thi ckness o f  the l i quid layer and its v i sco-elastic  properties 

i n fluence the resi stance to a i r f low ( Cl arke , 1 973 ) . These 

experimental models represent a version of the in  v i vo condi tion and 

hel p  in understanding the complex i ty of the dynamics o f  a i rflow and 

the effect of mucus and i ts viscosity on the a irway performance . 

It  has been suggested that d i sulphide bonds o f  the glycoprotein  

play  an important role i n  the  rheological proper ties o f  the 

tracheobronchial  mucus ( Roberts , 1 976 ) . However , it has been 

established that the rheo log ical properties o f  a substance are mai n l y  

responsible for transport thus glycoprote ins  w i t h  a h i g h  degree o f  

cross-l i nking ( d isulphide bonds ) may resu lt  in  a decrease in  the rate 

of mucus transport ( Sade ; et al . 1 975 ) .  

The observations made on humans with a irway obstruction and 

mucus hypersecret ion have shown that the rate of the clearance o f  

rad ioacti ve mater ials  i s  i ncreased when compared with the clearance 

rate o f  normal subj ects ( Thomson and Short , 1 969 ) .  Excess i ve mucus in 

the trachea and large a irways entraps more particles , and by 

increasing turbulence o f  the a i r flow , may also reduce penetrat ion o f  

part i c les into the lower respiratory  tract . The r a t e  o f  mucus 

transport is faster in  l arge ai rways and the trachea than in 

per i pheral airways ( Lopez-Vidriero and Rei d , 1 97 8 ) . 

Var i at ion in  acid i c  properties not only  i nfluences the phys ical  

properties  of the mucus a s  d i scussed earlier , but  i t  a lso affects the 

v i r us-bi nd i ng properties o f  mucus . Usually  glycoproteins  which are of 

a molecular wei ght larger than 60 , 000 and whi ch contain  more than 3 . 5% 

s i a l i c  acid wi l l  bind to i n fluenza A or influenza B v iruses and cause 

virus haemagglutination i nhibition ( Springer ; et al . 1 969 ) . The 

shi ft to more acid glycoprotein production seen in the pneumoni c  sheep 

may therefore result in  a more effective means of hand l ing respiratory 

v i r us i n fections . However , Boat and Cheng ( 1 976 ) have found that 

although s i a l i c  acid is requi red , acid content is not the sole 
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determinant of the virus haemaggluti nat ion inhibition properties  o f  

the respi ratory mucus glycoprote ins . 

It  can be concluded from this and prev ious s tudies  that the 

tracheobronchi a l  tree responds to var ious nox ious agents by i ncreas ing 

the volume and changing the physical  and chemical  nature o f  its  

protect i ve bar r ier ; mucus . Thi s  protective  barrier  may u ltimately 

become a cause o f  addi tional  pathological  problems ( particularly  in 

chron i c  d i sease ) .  Reflux of mucus i nto alveoli  may produce an 

irritant  effect on the blood-air  barri er , reduce gaseous exchange and 

perhaps , d isturb the sur face tension r-educing -pro�rties- -o f--surfactant--

resulting i n  alveol ar col laps e . 

contributing factor to ai rway 

bronchiol i . 

• 

Excess mucus may also be  an important 

obstruction , particularly  i n  small 
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CHAPTER 6 

OVINE TRACHEAL ORGAN C ULTUR E  STUDIES 

1 . 0 I NTRODUCTION 

Many potential  pathogens have been i sol ated from natural cases of 
CNP i n  sheep but l ittle i s  known about the i r  relat i ve importance and 

the mechani sms b y  which these organi sms med i ate host cell i n jury i n  

resp i r atory tiss ue . 

A better understand ing o f  the cellular  and subcellular  events 

whi ch accompany  i n fections with these organi sms requi res the 

estab l i shment of exper imental models  whi ch permit mon itoring of the 

i n fectious process under carefully  control led cond i tions . The 

techn i que of tracheal organ culture al lows thi s , and at the same time 

provides  respiratory epithe l i a l  cel l s  i n  a v i able and d i fferenti ated 

state , thus serv i ng as a highly sen s i t i v e  host i ndicator system . 

Thi s chapter wi l l  examine the pathogenesis  of �· ov ipneumoniae , 

P .  haemolytica , �· par apertussis  and !·  catarrha l i s  organ i sms on 

ovine tracheal organ cultures . All  the strains of organ i sm used were 

or iginally  isolated from natur al  cases o f  GNP of lambs in  New Zealand . 

Observ ation of the i n fected tracheal organ cultures was i n i t i a l l y  made 

with i nverted l ight microscope to observe c i l i ar y  acti vity . 

Sequent i al histopathological examinations were subsequently made b y  

l i ght , transmission and scann ing  electron microscopes t o  correlate 

sur face morphology with i ntracellular  changes and to observe the 

attachment of the organi sms . Sequential  m icrobiological  studies were 

also carried 

culture and 

alterations . 

out to 

correlate 

fol low 

this 

the 

with 

growth 

the 

of each organism in organ 

c i l i ary and histolog ical  

2 . 0  MATER IALS AND  METHODS 

2 . 1 COLLECTION AND PREPARATION OF TRACHEAL R I NGS 

Ovine foeti  varying in age from 4 to 5 months of gestation were 

• 
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obta ined from healthy , mature Romney and Romney-cross breeds o f  sheep 

ki l led by elect r i c a l  stunning  at a local meat works . The foeti  were 

transported to the laboratory within 30 min . of col lection whi l e  

remai n i ng in  the e x c i sed uterus . The uteri were washed with 7 0 %  alcohol 

after which an i n c ision was made and the foeti were dis lodged from 

the i r  amniotic sacs . Because of the necessity  to avo i d  contamination 

careful preparation o f  the r i ngs was c r i t i cal , and , the protocol  is  

therefore described in  detai l .  The skin  over the neck area  was 

cl ipped finely with surgical  sci ssors and an  incis ion  was made from 

the larynx  to the s ternum . Fat , connecti v e  t issue and muscle  were cut 

and removed to e x pose the trachea and e sophagus . The thin serosal 

membrane cover ing the trachea was cut and stripped and the trachea was 

gen t l y  l i fted whi l e  a scalpel blade was s l i d  beneath i t  to completely  

free i t  from the esophagus . As  much of  adventitia  as possible  was 

removed in situ , and the trachea then severed j ust below the l a r ynx 

and immed iately above the carina tracheae . The severed trachea was 

placed d i rectly into a bottle contai n i ng p rewarmed phosphate buffer 

saline  ( PBS ) and moved to a laminar flow hood for further man ipulat ion 

with ste r i le instruments and ful l  aseptic t echni que . 

The intact tr achea was then removed from the PBS , placed i n  a 85  

X 12  mm petri d ish containing  prewarmed c u l ture med ium , and stripped 

of remain ing connec t i ve tissue with fine forceps and sci ssors . I t  was 

than p l aced in another 8 5  X 12 mm petri  d ish conta in ing fresh 

prewarmed culture med ium . One end o f  the trachea was cl amped with 

artery forceps whi ch were placed at an acute angle so that the trachea 

was held ins ide the open petri d i sh o f  med ium .  The loose end of the 

trachea was grasped with forceps and gentl y  stretched to separate the 

cart i lag i nous r ings . A single cut was made between , and par a l l el t o , 

the first  two carti l age rings with a no . 20 s c alpel blade . Thi s  left a 

free tracheal ring i n  the forceps , which i n  turn were used to p lace i t  

in culture medium .  Thi s  sequence was repeated unt i l  the enti re 

trachea was sectioned i nto rings  approx imately 4 mm thick ; each 

trachea yielding 20 - 28 usable r ings . The r ings were placed i n  a 

bottle  containing culture med ium and then shaken v igorously  to release 

the mucus trapped on the mucosal sur face . They were then removed and  

placed i n  85  X 12  mm petri  d i shes to  which was added culture medium . 

The rings  were examined with an inver ted microscope to ensure that the 

lumen was not occluded with t i s sue , mucus or  cells  and that the c i l i a  

were  beating normal l y .  Groups o f  two r ings were then p l aced i n  3 5  X 

• 
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1 0  mm plastic  petri d i shes cont a i ning  3 ml  of culture med ium and 

maintained for 24 hr at 37°C in a humidi fied atmosphere of 5%  c arbon 

diox ide and 95%  air . The c i l i ary action was then observed again  with 

an inverted , phase microscope and those tracheal r ings showin g  s trong 

c i l i ar y  act i v ity  were marked , regrouped and subsequently  eval uated for 

changes in c i l iary  act i v i t y .  

2 . 2  MEDIA 

2 . 2 . 1 BLOOD AGAR MEDIUM 

Thi s  cons i sted o f  two layers : 

1 .  The salt base was prepared by d i ssolving 1 5  gm o f  Bacto-Agar 

( Di fco ) in  1 1 o f  0 . 5% sod ium chloride  solut ion . Thi s  was  autocl aved 

for 1 5  minutes and 1 0  ml was poured i n to each 85 X 1 0  mm plastic  petri 

dish . 

2 .  The blood base prepared by d i ssolving  44 gm o f  ster i l i sed 

Bacto-Columb i a  blood agar base ( Di fco ) i n  1 1 o f  d i s t i lled  water . 

When cooled to 45°C ,  5%  ster ile  defibr i nated blood was m i xed well  with 

it  and then 1 0  - 1 5  ml was poured over the salt  base . 

Thi s  med i um was used for 

catarrhal is and B .  parapertuss i s .  

2 . 2 . 2  T 1 99 MEDI UM 

growing P .  haemolyt i c a , N .  

Thi s consi sted of 1 0  gm o f  TC 4 5  Tissue Culture Med i um 1 99 

( Wel lcome ) di ssolved in  950 ml o f  d e ioni sed water . The med ium was 

ste r i l i sed by f i ltration through a membrane  with a pore s i ze of 0 . 22 

urn . Sod ium bicarbonate at the rate of 1 . 5 gm and 1 8  gm o f  tricine  

buffer was added . The medium was  then l e ft for  24 hr  at 3 7°C to 

ensure that it was free of contamin ation . I f  any turb id i ty was 

observed the med ium was d i scarded . Thi s  med ium was used for a l l  

tracheal organ cu lture exper i ments w i th the excep�ion  o f  those 

invol v ing M. ovipneumoni ae . 
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2 . 2 . 3  MODIFIED FM4 LIQUID MEDIUM 

The liquid  mod i fied FM4 med ium i n  which M .  ov ipneumon i ae was 

cultured was o r iginally  formul ated by Frey ; et  a l . ( 1968 )  and i s  

det a i led i n  Appen d i x  6 . 1 .  The yeast autolysate was omitted from the 

med ium and swine serum and phyton were replaced to avoi d  

cross-reaction with the organ i sm ( Major , 1976 ) .  The dry  i ngred ients 

were d isso lved i n  l i tre o f  d i st i l led  water and supp lemented with 

Eagle ' s  vi tamin solut ion . The med ium was clari fied by f i ltration 

through 0 . 45 urn and  0 . 22 um pore s i ze filters and subsequent l y  

ster i l i sed b y  f i l tration through a ster i l e  0 . 22 um fi l ter . Th i s  mediu� 

was used to grow �· ovipneumoni ae but when used as an organ culture 

med ium , serum was not added and thal l ium acetate was omitted from the 

prepar ation because of its tox icity to organ culture cel l s . 

2 . 2 . 4  MODIFIED FM4 SOLI D  MEDIUM 

To prepare FM4 solid med ium ,  1 .9 gm o f  Bacto-agar ( Di fco ) were 

added to 42 ml o f  brain-heart i n fus ion broth ( Di fco ) . The mixture was 

autoc l aved , cooled to 50°C and mixed with 200 ml of s tandard mod i fi ed 

FM4 liquid  medium . 

Approx imate l y  4 ml aliquots were then placed i n to 50 X 9 mm 

plastic  petr i d i shes with t ightl y  fitting l ids . The solidi fied med ium 

was e i ther used i mmedi atel l y  or  stored at  4°C for use within 3 days . 

The stored med ium was prewarmed for 1 - 2 h r  at  37°C before use . 

2 . 3  MICROORGANISMS 

2 . 3 . 1 MYCOPLASMA OVIPNEUMONIAE 

The isolate of M. ov ipneumon iae used was strain 5 o f  the New 

Zeal and i solates , kindly provided by Dr J . K . Clarke ( Dept . o f  

Microbiology and Genetics , Massey Uni ver s i ty ) .  It was o r i g i n a l l y  

isolated from the l ung o f  lambs with C N P  i n  the Manawatu d i strict . A 

Uni versal  bottle contain ing approx imately 1o8 CFU/ml organi sms i n  1 0  

ml o f  mod i fi ed FM4 med ium was mi xed with 1 l i tr e  o f  freshly prepared 

l iquid med ium and incubated at 37°C on a rotary shaker . When the 

colour of the pheno l red ind icator in  the medium changed from red to 

turbi d  orange or turb id yellowi sh-orange thi s  i nd icated that growth o f  
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the culture had occurred . The mycoplasma suspen s i o n  was thtn 

centr i fuged at 1 6 , 000  R/sec in  RC-5 superspeed refrigerated centri fuge 

( SORVALL ) for 1 0  min . The pel lets were washed twice and resuspended 

in  l i quid  mod i fied FM4 med ium ,  free of tha l l ium acetate to produce a 

mycoplasmal suspens ion of  t i tr e  1 07 CFU/ml . Opacity  tubes OT0 1  

(Wellcome ) were used to standard ise the t i tre of thi s suspension . 

Four d i lutions , each 20-fold d i fferent were then made in l iquid 

med ium , free of tha l l ium acetate and 4 ml of this were used to i n fect 

each tracheal organ culture . 

2 . 3 . 2  BORDETELLA PARAPERTUSSIS  

Si x i solates o f  � parapertuss i s  were  obtained from bronchi a l  

washing s  of  sheep l ungs a ffected with les ions of  CNP . These were 

plated on blood agar and incubated at 37°C for 3 days . 

A plate with wel l  grown and i solated colonies was selected and a 

ster i le loop was used to remove colonies from the sur face of  the 

med ium .  These were placed in a bottl e  containing 1 0  mls PBS , and 

shaken v i gorous ly  to suspend the bacter i a . Opacity tubes OT0 1  wer e  

used to standard ise the t i tre of  bacter i a l  suspens ion and the 

procedure was repeated unt i l  a ti tre of  1 07 CFU/ml was obtai ned . Four 

di lutions of  20-fold d i fference were made in PBS and one ml of  each 

d i lut ion was mixed in  3 ml T 1 99 med ium and used to i n fect the trachea l  

organ cultures . 

2 . 3 . 3  NEISSERIA CATARR HALIS AND 

PASTEURELLA HAEMOLYTICA 

In  both cases , the i solates of  these organi sms were ori ginal l y  

deri ved from sheep l ungs with les ions of  CNP . The procedure was the 

same as with � parapertuss i s  with only  two e xceptions . Firstl y ,  the 

organ i sms were harvested a fter 24 to 48  hr of i ncubation and second l y ,  

ti tres were 1 08 CFU/ml of  obtained for both organisms . 

2 . 4  ASSAY OF COLONY FORM I NG UNITS 

2 . 4 . 1 MYCOPLASMA OVIPNEUMONIAE 

Seri a l  1 0  fold d i l ut ions of  M .  ovipneumon iae were i n i t i a l l y  
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made by tran s ferring 0 . 2  ml of the culture i nto 1 . 8 ml aliquots of 

l i quid  FM4 med ium .  

Using a n  automati c  pipette with a d is posable  t i p , 0 . 05 ml 

samples o f  the appropr i ate d i lutions were plated onto the surface o f  

FM4 agar med i um in  5 0  X 9 mm plastic petri d i shes with ti ghtl y  fi tting 

l i d s . Thi s  procedure had the advantage that i t  was not necessary to 

keep the plates in a humid i fied box to prevent drying o f  the agar 

med ium . 

The plates were incubated at 372c for 12 to 96  hr i - and the 

colon ies counted using a plate microscope . 

2 . 4 . 2  PASTEUR ELLA HAEMOLYTICA 

NEISSERIA  CATARRHALIS  AND 

BORDETELLA PARAPERTUSSIS 

Ser i a l  1 0  fold d i lutions o f  these organi sms were made by 

tra�ferring  0 . 1 ml o f  the culture into 9 . 9  a l iquots o f  PBS for the 

first  two d i lutions then by trans ferring ml o f  the prev ious 

bacter i a l  suspension i nto 9 ml o f  PBS up to the 1 08 CFU/ml . 

Using an automat ic pipette with a d i sposable t i p , two , 0 . 1 ml 

samp les o f  appropr i ate d i lutions were each pl ated onto the surface of 

blood agar med ium in  two 8 5  X 1 0  mm p l astic petr i d i shes . The p lates 

were incubated at 37°C for 24 to 72 hr and the colon ies  were counted 

macroscopical l y . 

2 . 5  C ILIARY ACTIVITY 

The c i l i ar y  act i v i t y  o f  the respiratory epithelium was 

determined by observing the i nner surface of the tracheal organ 

cultures through the floor of the i r  petri  d i shes u s i ng an inverted 

microscope ( WILD M40 - Heerbrugg , Swit zerland ) at  X 1 00 magni fication . 

Tracheal rings  were observed to determine the c i l ia-stopp ing e ffect o f  

each t i tre ior each organ i sm .  The speed o f  c i l i ar y  b e a t i n g  could a l so 

be determined from the flash frequency ,  whi ch gave the i ll us ion o f  

arrested c i l iary  motion . 

When c i l i ary beating ceased , the tissues were removed , washed i n  

- -- I  



PBS and proces sed for l i ght , scanning  and 

microscopy . 

2 . 6  HISTOPATHOLOGY 

transmission  
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electron 

Speci mens were fi xed in 1 0% formal-saline , processed in  the 

usua l  manner and embedded in  paraffi n .  They were sect ioned at 4 - 5 

urn and routine l y  stai ned with haematoxyl i n  and eos i n  ( HE )  and gram 

Twort ( Append i x  6 . 2 ) . 

2 . 7  SCANNING ELECTRONMICROSCOPY 

For SEM the tracheal organ cultures were washed  three t i mes in 

PBS to remove mucus , and immed iately fixed in mod i fi ed Karnovsky ' s  

fixat ive  ( Append i x  2 . 1 )  in  0 . 1  M PBS , pH 7 . 2  at 4°C for 2 hr . After 

further washing in two changes of cold , 0 . 1 M PBS , pH 7 . 2  at 4°C for 1 

hr each , the tr acheal organ r i ngs were cut into 2 mm3 p i eces and 

proce ssed as described previous ly  ( Chapter 2 ) . 

2 . 8  TRANSM ISSION ELECTRONMICROSCOPY 

Spec imens for TEM were washed and fi xed in a s i mi lar manner to 

that used for SEM , then cut i nto 2 mm3 pi eces , then processed , cut and 

sta i n ed as described in Chapter 2 .  

2 . 9  EXPERIMENTAL DESIGN 

When each of the above organi sms were s tud ied , t racheal organ 

cultures were freshly prepared as described above . On each occasion 

rings were subd i v ided into f i ve groups , each group contai ning  1 6  

rings . Two rings  were placed i n  each o f  the l abeled 3 5  X 1 0  mm 

plas t i c  petr i d ishes containing  3 ml o f  med ium . Four o f  the groups o f  

tracheal  organ cultures were e ach i ncubated wi th one o f  each d i lution 

of the organism under study . The fi fth group was left as a control 

and the c i l i ary activity o f  a l l  cultures was observed with an i nv erted 

microscope• twice during the first  hal f hour , then hal f  hou r l y  for the 

6 hr and once every 2 - 3 hr thereafter . When c i l i a r y  beating i n  any 

group of cultures stopped , the time was recorded and t wo petr i d i shes 

from this group , as wel l  a s  two from each o f  the o ther groups were 

removed . Slices of tracheal organ r i ngs were prepared for SEM , TEM 
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and l i ght  microscopy from each group a s  previous l y  descr ibed . A 

bacter i al v i able count was made on the med i um from e ach of the petri 

d i shes removed from the incubator . The remaining d i shes were left 

incubat i ng and observed unt i l  c i l i ary action in  the next  group of 

organ cultures ceased . The p rocedure was then repeated and a v i able 

count made . Thi s  system was continued unt i l  the last of the cultures 

stopped beat ing . 

3 . 0  R ESULTS 

3 . 1 MYCOPLASMA OVIPNEUMONIAE 

3 . 1 . 1  OBSERVATION ON C ILIARY ACTIVITY 

3 . 1 . 1 . 1  I N  FM4 MEDIUM 

Uni n fected ovine tracheal organ cultures remai ned v iable , as  

ind icated by continuation of c i l iary acti vity , for up to 36  hr in  FM4 

med ium . 

The time required  for s lowing and d isappear ance o f  c i l i a r y  

acti vity and its  rapidity of onset was related i nversel y  to the 

initial number of M .  ovipneumoniae organi sms p laced in the organ 

cultures . The highes t  titres o f  + 1 08 CFU/ml of M .  o v ipneumon iae  

produced s lowing o f  c i l iary act i v ity  as  early  as  6 hr  post  i noculation 

( pi ) and  complete cessat ion was observed 7 hr l ater ( Table 6 . 1 & 6 . 2 ) . 

Cessation o f  c i l iary act i v ity  developed more s lowly and 

irregular l y  i n  organ cultures i n fected with the lower mycoplasmal 

titres . The pattern o f  the inact i vation o f  c i l i a  of the l owes t  three  

titres was bas ically  simi l ar , but the t imes taken to reach the 

cil iostatic effect were di fferent . C i l i ar y  act i v i ty ceased complete l y  

after 20 . 5  - 36 h r  pi , when titres  o f  + 1 05 - + 1 07 CFU/ml were attained 

( Tabl e  6 . 1 )  • 

3 . 1 . 1 . 2 I N  T 1 99 MEDIUM 

Control  tracheal organ cultures maintained for 53  hr in T 1 99 

medium,  remained viable  as ind i cated by continuation o f  c i li a r y  



TABLE 6 . 1 :  THE RELATION BETWEEN TIME - STOPPI NG 

EFFECT AND NUMBER  OF M OVI PNEUMONIAE 

ORGANISMS ( CFU/M L ) I N  FM4 MEDIUM 

GROUP NUMBER OF ORGANISMS ( CFU/ML ) PI ( HR )  

ORIGINAL 

NO . I NOCULUM 1 3  20 . 5  27 . 5  

0 1  + 1 08 + 1 07*  + 1 07 + 1 06 
- - -

02 + 1 06 + 1 06 + 1 06*  + 1 06 
- - - -

03 + 1 04 + 1 08 + 1 08 + 1 07*  
- - - -

04 + 1 02 + 1 0 1 0  + 1 0 9 + 1 09 
- - - -

* TIME - STOPPING EFFECT COMPLETE D .  

TABLE 6 . 2 :  THE EFFECT OF FOUR M .  OVIPNEUMONIAE 

TITRES ON THE C I L IARY ACTIVITY OF 

TRACHEAL ORGAN CULTURES IN FM4 MEDIUM 

CFU/ML C ILIARY ACTIVITY AFTER I NOCULATION 

0-6 6-9 9- 1 2  1 3  1 4- 1 9  2 0 . 5 2 1 -24 27 . 5  

+ 1 08 +++ ++ + - - - - -
-

+ 1 06 +++ +++ ++ ++ + - - --

+ 1 04 +++ +++ +++ +++ ++ + + -
-

+ 1 02 +++ +++ +++ +++ +++ ++ ++ ++ -

3 6  

+ 1 06 

+ 1 06 
-

+ 1 05 
-

+ 1 05 *  
-

( H R )  

28-33 

-

-

-

+ 
CONTROL +++ +++ +++ +++ +++ +++ +++ +++ i +++ 

3 6  

-

-

-

-

+++ 
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act i v i t y .  

The time requ i red for s lowing c i l i ar y  activ i ty and c i l iostas i s  

was also related t o  the initi al number of � ·  ovipneumoni ae organi sms 

inoculated to the organ culture . The mycoplasmal titre  of �1 08 CFU/ml 

produced s lowing of c i l iary  act ivity  as early  as 1 2  hr pi and complete 

ci l iostasis was achieved 1 8  hr later ( Table 6 . 3 ) . 

The development o f  c i l iostas i s  was s lower and more i rregular i n  

organ cultures i noculated with the three lowest mycoplasmal ti tres . 

� complete cil iostas i s  was observed 32 - 53  hr pi ( Table·o � 3 r�- · However---;· 

i noculated M .  ovipneumoniae organi sms were not recovered from a l l  the 

organ cultures maintained in T 1 99 med i um .  

I n  gener a l , M .  ovipneumoniae induced significant change i n  the 

c i l i ary act i v i t y  in both FM4 and T 1 99 med i a . Microscopi ca l l y ,  the 

organi sms produced an accumulation of mucous globules and cel l s  on the 

epithel i a l  surface or free in the lumen of the r ings and there was a 

reduction in the vigor  o f  c i l i ary beating as wel l  as the number o f  

epithe l i al areas showing act iv ity . 

3 . 1 . 2 H ISTOLOGY 

The cel l u l ar morphology of epithel ium from uninoculated control 

cultures remained healthy in appearance and well d i fferentiated unti l  

the end o f  the e x periment i n  both FM4 and T 1 99 med ium ( Fi g . 6 . 1 ) .  

Features of the t i ssue which could be identi fied were the 

pseudostr ati fied c i l i ated columnar epi thel ium , the l amina  propr i a  with 

numerous submucosal  glands , carti lage and serosa . 

Ov ine tracheal organ cultures i n fected with CFU/ml 

exhibi ted mild d amage to the epithe l i a l  l ayer , at 1 3  and 30 hr pi i n  

FM4 a n d  T 1 99 med i um respecti v e l y .  These changes inc luded epithe l i a l  

c e l l  c ytop lasmic eosinophi l i a  and vacuolat ion , nuclear swel l i n g  and 

chromatin margination . There  was very m i ld epithe l i a l  e x fo l i at i o n  and 

areas covered with b i strati fied cuboidal  epi the l i a l  c e l l s  were e vident 

( Fig . 6 . 2 ) . 

of damage 

Organ cultures inoculated with + 1 04 CFU/ml showed more sever i t y  

t o  the epithe l ium . There was moderate epithe l i a l  c e l l  
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ex fo l i ation , cytopl asmic vacuolation and moderate to severe loss  o f  

c i l i a  ( Fig . 6 . 3 ) . Metaplastic change to strati fied cubo i d a l  and 

columnar epithe l i um was seen in some 

with + 1 06 CFU/ml the archi tecture 

areas . Fol lowing i noculation 

o f  the epithe l i a l  l ayer o f  organ 

cultures was d i sorgani sed , nuclei appeared pyknotic and vacuol ation  

was  apparent in  most  of the cells  (Fi g .  6 . 4 ) . Epithe l i a l  e x fo l i at ion 

and loss of c i l i a  was severe and part of the rema i n i ng epithel ium took 

on a squamoid-l i ke appearance , while  other areas were b i strati fied 

cuboidal  or bistrati fied columnar ( Fig . 6 . 5 ) . 

Ovine tracheal  organ cultures exposed to the highest _ mycoplasma _ _  _ 

t i tres ( + 1 08 CFU/ml ) ,  _which were achieved only i n  FM4 med ium s howed 

evidence of moderate damage to the epithe l i a l  layer as early  as 30 

min . p i  ( Fig . 6 . 5 ) .  The epithe l i al architecture was moderately wel l  

preserved with moderate e x fo l i ation o f  epithel i um .  

histopathological changes included epi the l i a l  c e l l  

The earl iest 

cytoplasmic 

eos inophi l ia and vacuolation , nuclear swell ing and chromatin  

marginat ion . In  add i tion , many cells  appeared to have lost the i r  

ci l i a . 

When the tracheal rings  were fi xed a fter ciliary  act i vity ceased 

at 1 3  hr ( FM4  med ium ) and 30  hr ( T 1 99 med i um ) , they exhibi ted severe 

epithe l i a l  damage regardless of the med ium used . 

archi tecture was completely lost , nuclei appeared 

The epithe l i a l  

pyknotic and 

cytoplasmic vacuolat ion was severe with complete loss of c i l i a  from 

most cel l s  ( Fig . 6 . 6 ) . Other cells  protruded into the lumen , showed 

distortion  of the c i l i a  and the enti re epi thel i a l  layer became 

disorgani s ed with loss of polar i t y  of ind i v idual  cel l s . The remain i ng 

epithelium  took on a s quamous , b istrat i fied  cuboidal  or i rregular  

relaxed transitional  appearance ( Fi g .  6 . 7 )  ( Table 6 . 4 ) . 

3 . 1 . 3  TOPOGRAPHICAL MOR PHOLOGY 

Examination of un i n fected tracheal cultures mai nt a ined in FM4 

med ium for 36  hr showed that the epithel ial  surface was composed 

predominant l y  of c i l i ated cel l s . Other than occasional thin  strand s ,  

no mucous bl anket was apparent on the surface ( Fi g . 6 . 8 ) . 

Because no growth o f  �· ovipneumoniae occurred i n  T 1 99 med ium , 

examination  o f  i n fected tracheal  cultures with SEM and TEM was 



TABLE 6 . 3 :  THE EFFECT OF FOUR M .  OVI PNEUMONIAE 

TITRES ON THE CILIARY ACTIVITY OF 

TRACHEAL ORGAN CULTURES I N  T 1 99 MEDIUM 

ORIGI NAL C ILIARY ACTIVITY AFTER I NOCULATION/HR 

I NOC ULUM 0- 1 2  1 8  24 30  32 32-38 38-4 4  44-49 50 

+ 1 08 +++ ++ + - - - - - -
-

+ 1 06 +++ +++ ++ + - - - - -
-

+ 1 04 +++ +++ +++ ++ ++ ++ + + -
-

+ 1 02 +++ +++ +++ +++ + ++ ++ + + -

CONTROL +++ +++ +++ +++ +++ +++ +++ +++ +++ 

TABLE 6 . 4 :  CYTOPATHOLOGICAL CHANGES IN E P ITHELIAL 

CELLS OF TRACHEAL ORGAN CULTURES 

INOCULATED WITH M .  OVIPNEUMONIAE 

ORIGI NAL CYTOPATHOLOGICAL CHANGES 

53  

-

-

-

-

+++ 

I NOCULUM ENLARGMENT CYTOPLASMIC  EPITHELIAL EPITHELIAL 

CFU/ML OF NUCLEI VACUOLATION EXFOLIATI O N  METAPLASIA 

+ 1 08 SEVERE SEVERE SEVERE N I L  
-

+ 1 06 MODERATE MODERATE MODERATE PRESENT 
-

+ 1 04 MILD MILD MILD PRESENT 
-

+ 1 02 NIL  MILD VERY MILD NIL  
-



Figure 6 . 1 

Epithe l ium o f  un i noculated control cultures mainta ined 

for 13 hrs in  FM4 med ium . 

d i ffer enti ated . H& E .  X 3 1 2 .  

The c e l l s  are healthy and well  

Fi gure 6 . 2  

Epithe l i um o f  t racheal  organ culture infected with + 1 02 

CFU/ml M .  ov ipneumo n i ae i n  FM4 med ium for 1 3  hrs . There  i s  

epithe l i a l  cell  c ytoplasmic vacuol ation , nuclear swelling  and 

chromati n  margination . H&E .  X 3 1 2 .  

Fi gure 6 . 3  

Epithe l ium o f  tracheal organ culture i noculated with 

+ 1 0 4 CFU/ml M .  ovipneumo n i ae in  FM4 med ium for 1 3  hrs . There 

i s  cytoplasmic v ac uolation  and moderate loss of c i l i a . 

Metaplastic  change i s  e v ident i n  some areas ( arrow) . H&E .  X 

3 1 2 .  

\ ' 





Figure 6 . 4  

A tracheal organ culture i noculated with +1 0 6 M .  

ovipneumoni ae and maintained i n  FM4 med ium for 1 3  hrs .  The 

epi thel ium i n  d i sorgani sed with severe epithelial  c ell 

e x fo l iation and loss o f  c i l i a . The rema i n ing epithel ium has  a 

squamous -l i ke appearance ( arrows ) .  H&E .  X 3 1 2 .  

Figure 6 . 5  

Tracheal organ culture i n fected with +1 08 CFU/ml M .  

ovipneumon i ae and mai ntai ned i n  FM4 med ium for 3 0  min . The 

epi the l i al archi tecture i s  s l i ghtly  d isrupted . H&E . X 3 1 2 .  





Figure 6 . 6  

Tracheal  culture i noculated with + 1 08 CFU/ml M .  

ovipneumoniae and maintained  in  FM4 med i um for 1 3  hrs . The 

epi thel i um is severely  d amaged and the nuclei appear pyknoti c . 

H&E .  X 3 1 2 .  

Figure 6 . 7  

A d i fferent area from the above culture showing a 

squamous , bistrati fied epi thel i um . H&E .  X 3 1 2 .  
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confined to samples maintai ned i n  FM4 med ium onl y .  

Tracheal r i ngs examined 1 3  hr a fter inoculation with  �1 02 CFU/ml 

showed loss of c i l i a  and c i l i ated cel l s  ( Fig . 6 . 9 )  when compared with 

uninfected contro l s . With high magni fication , structures r ecognisable 

as surface-attached mycoplasmas were observed mostly at the base of 

the c i l i a  ( Fig . 6 . 9 ) . The organisms measured appro x imatel y  700 - 900 

nm in  d i ameter , showed invag i n at ion  and possessed f i ne proj ections 

attaching  them to the c i l i a . No organi sms were attached or  in d irect 

contact with non-c i l i ated cel l s . 

The l uminal  surface . o f  tracheal cultures i n fected with the 

ti tres o f  + 1 0 4 and + 1 06 CFU/ml for 1 3  hr , showed ex fo l iation  of 

c i l i ated ce l l s  measuring 4 5 urn i n  d iameter . Cell  membrane 

fragments were present on the epithe l i a l  surface ( Fig . 6 . 1 0 ) . More 

severe reduction in the c i l i ar y  density  was observed , but c i l i a  that 

remai ned attached appeared 

non-ci l i a ted sur faces appeared 

morphologically  

flattened with 

unaltered . 

numerous 

The 

knob-like 

microv i l lous projections ( Fig . 6 . 1 1 ) .  At thi s  ti tre  o f  i n fection , 

organi sms  with character istic  mycopl asma morphology were even l y  

distr ibuted over and between the top o f  c i l i a  although a few were also 

present at  the base . At very high magni fication , �· ovipneumoniae 

organ i sms appeared to be attached to the c i l i a  by means  o f  fine and 

short proj ections  or p i l i -l ike s tructures ( Fi g . 6 . 1 1 ) .  No mycoplasma 

organisms were seen o n  non-c i l i ated surfaces . 

To e x plore the early phases  o f  coloni sation and attachment o f  �· 

ov ipneumo n i ae , tracheal  organ c ultures at 30 min and 1 hr pi with + 1 08 

CFU/ml were also examined by SEM . 

At 30 min pi , the epithe l i a l  l ayer exhibited s evere  damage , 

includ i n g  loss o f  c i l i a  and extrusion o f  epithel i a l  cel l s .  The 

surface o f  non-c i l i ated cel l s  was rounded and protruded to the luminal  

surface and showed numerous , knob-like microvi l lous proj ections  ( Fig . 

6 . 1 2 ) . Even at  this early s tage most o f  the c i l i ar y  carpet was 

covered by s i ngle layer of M .  o v ipneumoniae ( Fi g . 6 . 1 2 ) . At hr 

after i n fection , the epithel i a l  sur face showed severe s l oughing of 

c i l i ated c e l l s  with a further r eduction in the c i l i a r y  c arpet density 

( Fig . 6 . 1 3 ) . C i l i a  o f  the i ntact epithe l i a l  cel ls appeared to be 

unchanged and mycoplasma organi s ms were entangled between the t ips o f  



Figure 6 . 8  

Uninfected tracheal epi thel i um maintained i n  FM4 med ium 

for 36 hr . I t  is composed almost entirely  of c i l i ated c e l l s . 

SEM . X 2000 . 

Figure 6 . 9  

Tracheal  epithe l i um 1 3  hr after i noculation with + 1 02 

CF U/ml o f  M .  ovipneumon i ae .  There i s  loss o f  c i l i a  and 

c i l i ated c e l l s  and a l arge number of mycoplasmas ( M )  are 

attached to the c i l i a . SEM . X 4000 . The inset microgr aph 

shows the mycoplasmas at  h i gh magni fication attached by f i ne 

proj ections ( arrow ) . SEM . X 1 6 , 00 0 . 

Figure 6 . 1 0 

The surface epi the l i um o f  a tracheal organ culture 

i n fected with + 1 04 CFU/ml of M .  o v ipneumoniae for 1 3  hr . I t  

shows e x fo l i ation  o f  c i l i ated ce l l s  ( C )  and fragments ( F )  • A 

l arge number o f  mycoplasmas ( M )  are d istr ibuted over and 

between the tips o f  the c i l i a . SEM . X 2000.  





Figure 6 . 1 1  

Tracheal epithel ium i n fected with + 1 06 CFU/ml o f  M .  

ov ipneumoniae for 1 3  hr . There i s  loss o f  a l arge number o f  

c i l i ated cel ls . Numerous mycoplasmas ( arrows ) a r e  distributed 

between the c i l i a . SEM . X 4000 . The inset  micrograph shows 

the fi rm attachment of mycoplasma to c i l i a . SEM . X 20 , 000 . 

Figure 6 . 1 2  

Tracheal epithe l i a l  surface 3 0  min post-inoculation with 

+ 1 08 CFU/ml of M.  o v ipneumoniae . I t  shows severe damage and 

most of the c i l i ar y  carpet is covered b y  a single layer of 

mycoplasmas ( arrow ) . SEM . X 4000 . 

Figure 6 . 1 3  

One hr post-i noculation with + 1 08 CFU/ml o f  M 

ov ipneumoniae . The epithel i a l  surface shows severe s loughing 

of ci l i ated cel l s  ( arrow ) . Mycoplasmas are visible  

between the tips of  the  remain ing c i l i a . SEM . X 1 600 . The 

inset m icrograph shows a h igher magn i ficat ion of attached 

mycoplasmas . SEM . X 4000 . 
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ci l i a  ( Fig . 6 . 1 3 ) . 

At 1 3  hr pi with + 1 08 CFU/ml , the epithelial  surface showed ver y 
- +he 

severe d amage and most o f� ci l iary  carpet had d isappeared . The luminal 

surface was covered with e xtruded cel l s  and cel lular fragments .  Few 

ci l i ated cel l s  r emained ( Fi g .  6 . 1 4 ) . Mycoplasma ovipneumoni ae 

organ i sms were attached and entangled between the rema i n i ng c i l ia and 

tufted together ( Fig . 6 . 1 5 ) . These organisms were  i ntact , e xhi b ited 

normal M .  ovipneumoniae morphology and were not located on 

non-ci l i ated surfaces . 

3 . 1 . 4  ULTRASTRUCTUR E  

The morphology o f  tracheal tissue from un i noculated o rgan 

cultures resemb�ed that o f  the normal adult ovine  tr achea 

( Banks , 1 982 ) . The epi thel ium was l ayered three to f i v e  cel l s  deep . 

The fibr i l l ar structure o f  the c i l i a , numerous branching microv i l l i , 

mitochondr i a , and endoplasmic reticulum were a l l  wel l  preserved , and a 

few c ytop lasmic v acuoles  and lysosomes were present on epi the l i al  

cell s .  C i l iated cells  were frequent , often  being a d j acent to  one 

another and compr i sed at least hal f  the epithe l i a l  surface ( Fig . 

6 . 1 6 ) .  

Tracheal  organ cultures maintai ned i n  FM4 med ium and i nfected 

with + 1 02 CFU/ml M .  ovipneumon iae , had good structural i ntegr ity  and 

clos e l y  resembled the control s .  C i l iated cells  were almost as 

numerous as in control groups ( Fig . 6 . 1 7 ) . However , the c ytoplasm of 

epi t he l i al cells  r egardless of the cel l type , contained more v acuoles 

than were present in the contro l s . These were greatest in number in 

non-c i l i ated cel l s . The largest of these v acuoles conta ined amorphous 

mater i a l  and some o f  them contained m i tochondr i a  ( Fi g .  6 . 1 7 ) . 

Lysosomes were not prominent and mitochondr i a  were general l y  intact . 

No organi sms were found attached to or in  c lose contact with c i l i a . 

The epithe l i a l  architecture o f  tracheal cultures maintai ned for 

1 3  hr i n  FM4 med ium and i n fected with t itres of + 1 04 CFU/ml was 

diso rgan i sed and showed marked destruct ion of subcel lular  organel les . 

A few c i l i ated cel l s  contai ned large vacuoles ( Fig . 6 . 1 8 ) . A few M .  

ovipneumoniae orga n i sms were attached to the c i l ia o f  epithe l i a l  c e l l s  

( Fi g . 6 . 1 8 ) . 



Figure 6 . 1 4  

A tracheal  organ culture 1 3  hr post-inoculation with 

+ 1 08 CFU/ml o f  M .  ovipneumon i ae . There i s  very severe d amage 

and mos t  of the c i l i ar y  carpet has disappeared . The sur face 

is covered with e x truded c e l l s  and cellular fragments with 

only a few c i l i ated cel l s  remaining  ( arrows ) . SEM . X 1 00 0 .  

Figure 6 . 1 5 

Higher magni f i c a t ion o f  the surface of the above culture 

showing attachment o f  numerous M.  ovipneumoniae organ i sms to 

ci l i a  on the remai n in g  cel l s . SEM . X 8000 . 





Figure 6 . 1 6  

Uni noculated tracheal  epithe l i um maintained for 3 6  hr i n  

FM4 med i um .  There  i s  good preservation o f  the ultrastructure 

and di fferenti ation i n to c i l i ated cel l s . TEM . X 5 , 00 0 .  

A tracheal  

infected with 

Figure 6 . 1 7 

organ cu lture 

+1 0 2 CFU/ml o f  

maintained in  FM4 

M .  ovipneumoniae 

med ium 

showing 

vacuolation of some cel l s . TEM . X 6 , 30 0  The inset 

microgr aph shows hi gher magni fication of the large vacuoles 

whi ch conta in  amorphous mater i a l  and m itochondr i a . 

6 , 300 . 

TEM . X 

• 
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These  changes were more severe and widespread in organ cultures 

i n fected with titres o f  + 1 06 and 1 08 CFU/ml M .  ovipneumon iae ( Fig . 

6 . 1 9 ) . Fol lowing inoculation with these t i tres , cytopl asmic 

vacuolation  was observed d i stort i ng the cytoplasm o f  the c i l i ated and 

non-c i l i ated cells  and electron dense mater i al was seen depos ited on 

the luminal cellular membrane . Mycop l asma ovipneumo n i ae were found to 

be in inti mate contact with c i l i a  ( Fi g .  6 . 1 9 ) . 

Organ cultures i n fected with the highest ti tres (�1 08 CFU/ml ) o f  

M .  ovipneumon i ae were examined b y  TEM a t  3 0  min  and 1 hr p i . At this  

stage the epithe l i a l  layer showed signi ficant ultrastructural changes . 

These changes included moder ate to severe loss of c i l i a  and extrusion 

o f  c i l i ated epi thel ial  cel l s  ( Fig . 6 . 20 ) . Some sur face epithe l i a l  

cel l s  were flattened and e xtended t o  cover a wide area . These c e l l s  

contained flattened nucle i , laminated inclusions , short c i l i a  and 

numerous micro v i l l i  ( Fig . 6 . 2 1 ) .  C i l i ated epithe l i a l  c e l l s  

mani fested a focal  intracel lular oedema , and the cytoplasm conta ined 

moderate numbers of vacuoles together with a few l ysosomes ( Fig . 

6 . 20 ) . Numerous non-capsul ated organisms recogni sable as M .  

ov ipneumo n i ae were found i n  close contact with the c i l i a  ( ( Fi g .  6 . 22 )  

but n o  organi sms were found i nter- or i ntracellular l y .  

Close examination o f  the organi sms attached t o  c i l i a  revealed a 

d i s tinctive  morphological feature extend ing from the cytoplasm. I t  

cons i sted o f  a fimbr ia  or  p i l i -l ike s tructure measur i ng approx imately  

83  nm  i n  d i ameter . Thi s  portion o f  the M .  ov ipneumo n i ae organism was 

always found in close prox imity to c i l i a  and it appeared that 

structure was anchoring the organi sm to the cell membrane thus acting 

as a means of attachment . A sagittal  section of an organism attached 

to a c i l i um is shown in  f i gure 6 . 23 . The organ ism measured 700 - 900 

nm in d i ameter . The speci al i sed p i l i  appeared to orig inate from 

withi n the mycoplasmal cell  and e xtend through i ts membrane i nto the 

c i l i um .  E x aminat ion of a series  of sections from several  attached 

organi sms indicated that each organ i sm had more than one speciali sed 

p i l us . Each o f  these structures cons i sted o f  an electron-dense core 

surrounded by a lucent area . 

At 1 3  hr p i , i n fected tracheal cultures exhibited very severe 

epithe l i a l  d i sorgan isation and intracellular changes ( Fi g .  6 . 24 ) . 

The s e  changes included , severe loss o f  c i l i a  and cell  e x trusions . 

• 



Figure 6 . 1 8 

A trachea l  culture maintained for 1 3  hr i n  FM4 med ium 

and infected with + 1 04 CFU/ml o f  M .  ov ipneumoniae . The 

epi the l i a l  c e l l s  are disorgani sed and show marked destruction 

of subcel l u lar organel les . TEM . X 5 , 000 . 

Figure 6 . 1 9  

The l uminal  sur face o f  a tracheal cu lture infected with 

+ 1 0 8 CFU/ml of M.  ovipneumon iae . There is very severe d amage 

incl uding the format ion of a l arge number of cytoplasmic 

vacuoles ( V ) . Electron-dense material  has been deposi ted on 

the luminal  surface ( arrows ) . A few M .  ov ipneumoniae 

organi sms ( M )  are i n  int imate contact with the remaining  

ci l i a . TEM . X 8 , 200 . 
• 





Figure 6 . 20 

The epithe l ial  surface o f  an organ culture i n fected with 

+ 1 08 CFU/ml o f  M.  ov ipneumoniae  for 30  min . The luminal 

surface has less  c i l i a  than the contro l s  and the epi thel ial  

cell  c ytoplasm contains  a moderate number o f  vacuoles . TEM . 

X 8 , 20 0 . 

Figure 6 . 2 1  

Flattened surface epithe l i a l  c e l l s  from a similar  

cu lture to  the above . These  cel l s  had an extended cytoplasm 

and contained flattened nuclei  ( N ) , laminated inc lusions ( L )  

and numerous microv i l l i  ( MV ) . TEM . X 1 9 , 200 . 

• 
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Figure 6 . 22 

Mycoplasma ov ipneumoniae  organi sms ( arrow ) in  close• 

contact with the c i l i a  o f  a tracheal organ culture i n fected 

with + 1 08 CFU/ml for 30  min . TEM . X 1 9 , 200 . 

Figure 6 . 23 

High magni fication o f  an M .  ov ipneumoniae organi sm from 

the above culture revea l i ng a d istinct i ve p i l i-like structure 

( arrow ) attaching it  to the c i l i a . TEM . X 1 60 , 1 00 • 

• 





Figure 6 . 24 

A tracheal culture i n fected with + 1 08 CFU/ml o f  M .  

ov ipneumoniae for 1 3  hr exhibiting very severe d i sorgani sation 

and i ntracel lular change . TEM . X 6 , 300 • 

• 
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Epithe l i a l  cells  were severely v acuolated and contai ned a l arge number 
\ 

o f  l ysosomes . The vacuoles contained dark electron dense mater i al . 

No organ i sms were seen attached to the severely damaged epi the l ium . 

3 . 1 . 5  MYCOPLASMAL GROWTH CURVES I N  ORGAN CULTURE 

The growth of �·  ovipneumo n i ae was stud i ed i n  FM4 and T 1 99 

med ium contai ning tracheal rings  and compared to that i n  FM4 med ium 

alone . All t i tres of M .  ovipneumoni ae grew best in  the c i l i ated 

epithel ium of ovine tracheal organ cultures maintained in FM4 med ium 

( Fig . 6 . 25 ) . 

The numbers of  mycopl asmas i n  the organ cultures maintained i n  

F M 4  med ium was in  general greater in  FM4 medium alone or i n  organ 

cultures mainta ined in  T 1 99 med ium . In  organ cultures mainta i ned i n  

F M 4  med ium , ti tres d i d  not exceed + 1 07 CFU/ml for the hi ghest t i tre 

i noculated , and + 1 0 1 °  CFU/ml for the lowest titre . Mut i p l ication 

could only  be demonstrated i f  the inoculum was below a t i tre of + 1 06 

CFU/ml ( Fig . 6 . 26 ) . Mycoplasma ovipneumoni ae d i d  no t grow i n  

tracheal  organ culture maintained in  T 1 99 med ium and organ ism v iable 

count in  rel ation to 24 hours post inoculation was hi gher in organ 

cultures mai nta ined i n  FM4 med ium ( + 1 05 CFU/ml ) than i n  FM4 med ium 

a lone ( + 1 0 1 CFU/ml ) ( Fi g .  6 . 25 ) . 

3 . 2  BORDETELLA PARAPERTUSSIS 

3 . 2 . 1 OBSERVATION OF C I LIARY FUNCTION 

Uninfected ovine trachea in organ cultures remai ned v iable , 

d i fferent i ated , and organi sed with c i liary act i vity present throughout 

the duration of the exper iment ( 7 . 5  hr ) .  

Con s i s tent inhibi tion o f  c i l i ary act i v i t y  was produced by B 

parapertuss i s  organ1sms and its rapid ity o f  onset was related d i rect l y  

t o  the concentration o f  organi sms in  the culture ( Table 6 . 5  & 6 . 6 ) . 

The ear l iest  effect observed was seen 5 min  pi  with the bacte r i a l  

t i tre o f  + 1 07 CFU/ml . Single spher ical cell s  containing bubble-like  

structures appeared on the c i l i ar y  surface . This was  accompan i ed by a 



Figure 6 . 25 

Mycoplasma ov ipneumoniae 

d i fferent culture systems . 

growth 

Figure 6 .  26 

curves 

The growth curves of four t itres of M .  

in  three 

ovipneumoniae 

mai ntained in l iquid FM4 med ium . Mu ltipli cation o f  the 

microorgani sms on l y  occurred i f  the i noculum was below a t i tre  

o f  + 1 06 CFU/ml • 

• 
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sign i fi cant reduction  i n  c i l i ar y  beating . Following this there was 

severe desquamation of epith e l i a l  cel l s  which began at 1 5  min pi . 

Complete loss o f  c i l iary  activity  occurred at about hr a fter 

incubat ion . I n  addi tion to the s lowing o f  beating frequency , all  o f  

the c i l i a  o f  an ind i vidual  c e l l  appeared to clump together a n d  beat i n  

a less coord i n ated manner w i t h  greater amp litude than normal . 

After i ncubation with bacterial  titres o f  CFU/ml , 

cil iostas i s  developed more  s lowly and i rregular l y  but there was no 

essent i a l  d i fference in  the p attern o f  changes observed . C i l iostas i s  

was i nvariably  complete a fter  4 - 5 h r  when titres  o f  + 1 07 and + 1 08 

CFU/ml were att a i n ed ( Tabl e  6 . 5  & 6 . 6 ) . 

3 . 2 . 2  HISTOLOGY 

The uni nocu lated ovine tracheal  organ cultures , maintained for 1 

hr i n  T 1 99 med ium in  vitro , showed similar  hi stological  appearance to 

those descr ibed earlier  ( Fig . 6 . 1 ) .  

The sever i t y  of changes i n  the i noculated cultures showed a 

d irect correlation  with the number o f  organ isms inoculated ( Table 

6 . 7 ) . When c i li ostasis occurred fol lowing inoculation with the 

bacterial  t i tres  of + 1 0 1 and �1 03 CFU/ml , the epi thel i a l  cells  showed 

cytoplasmic eosinophi l i a  and vacuolation together with swell ing of the 

nucleus and margination of chromat in . Some ind i v idual epithe l i al 

cell s  protruded from the sur face into the lumen suggesting a process 

o f  extrusion was occurr ing  ( Fig . 6 . 27 ) .  Very few gram negat i ve 

cocco-baci l l i  organi sms wer e  observed on the e pithel i a l  surface . 

Cultures i noculated with a bacter i a l  t i tre o f  + 1 05 CFU/ml , showed 

complete loss o f  c i l i a  from many epi thel i a l  cel l s  ( Fi g .  6 . 28 ) . I n  

these cultures Gram negative  organi sms were observed on the remaining  

c i l i ated surface . The most severe changes were seen  i n  those cultures 

inoculated with the h i ghes t  bacter i a l  ti tre (�1 07 CFU/ml ) .  Here the 

ent ire  epithel i a l  layer becOme d i sorgani sed and showed severe loss o f  

c i l i ated c e l l s . Other changes included severe c ytoplasmic 

vacuolation , and nuclear swel l i ng . The remain ing epithe l i um took on a 

bistrati fied columnar or  squamous appearance ( Fig . 6 . 29 ) .  The 

cytoplasm of some epithelial  cel l s  spread extens i vely  over the 

underlyi ng cubo idal  cel l s . Gram negat i ve cocco-baci l l i  were located 

on the c i l i a  of the sur v i v ing  c i l i ated epi thel ial  cel l s . 



TABLE 6 . 5 :  THE RELATION BETWEEN  TIME-STOPPING EFFECT AND 

NUMBER OF B. PARAPERTUSSIS ORGANISMS ( CFU/M L ) 

GROUP ORIGINAL VIABLE N UMBER OF ORGANISMS CFU/ML 

CODE I NOCULUM PI  AT DIFFERENT TIMES ( HR )  

NO . CFU/ML 1 3 . 5  6 . 5  7 . 5  

1 + 1 07 + 1 07*  + 1 05 + 1 06 + 1 06 
- - - -

2 + 1 05 + 1 05 + 1 06 *  + 1 07 + 1 07 
- - - -

3 + 1 0 3 + 1 05 + 1 06 + 1 07* + 1 08 
- - - - -

4 + 1 0 1 + 1 05 + 1 06 + 1 08 + 1 08*  
- - - - -

* TIME - STOPPING EFFECT COMPLETED . 

TABLE 6 . 6 :  EFFECT OF FOUR B .  PARAPERTUSSI S  

ORIGINAL 

I NOCULUM 

CFU/ML 

+ 1 07 
-

+ 1 05 
-

+ 1 0 3 
-

+ 1 0 1 
-

CONTROL 

TITRES ON THE C ILIARY ACTIVITY OF 

OVINE FOETAL TRACHEAL ORGAN CULTU RE 

C ILIARY ACTIVITY PI  HR 

0 1 /4 1 /2 1 2 3 4 5 6 7 . 5  

+++ ++ + - - - - - - -

+++ +++ +++ ++ + - - - - -

+++ +++ +++ +++ +++ ++ ++ + - -

+++ +++ +++ +++ +++ +++ +++ +++ +++ -

+++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 



TABLE 6 . 7 :  CYTOPATHOLOGICAL C HANGES I N  E PITHELIAL 

CELLS OF TRACHEAL ORGAN CULTURES 

INOCULATED 

ORIGI NAL 

I NOC ULUM ENLARGEMENT 

CFU/ML OF NUCLE I 

+ 1 07 SEVER E 
-

+ 1 05 SEVERE 
-

+ 1 03 MODERATE 
-

+ 1 0 1 MODERATE 
-

WITH B .  PARAPERTUSSIS 

CYTOPATHOLOGICAL CHANGES 

CYTOPLASMIC  EPITHELIAL EPITHELIAL 

VACUOLATION EXFOLI ATION METAPLASIA 

SEVE R E  SEVERE PRESENT 

MODER ATE MODERATE N I L  

MILD MILD N I L  

MILD M ILD N I L  

NUMBER OF 

BACTERIA  

ON LUMI NAL 

SURFACE 

LARGE 

MODERATE 

FEW 

FEW 

• 



Figure 6 . 27 

A tracheal organ cu lture i noculated with + 1 0 1 CF U/ml B .  

parapertuss i s  fo r hr and maintai ned i n  T 1 99 med ium . The 

epithe l i a l  cells  show m i ld c ytoplasmic  v acuolat ion and loss of 

c i l i a  from the ir  luminal  border . H& E .  X 3 1 2 .  

F i g u r e  6 . 28 

A n  o r g a n c u l t u r e  i n o c u l a t e d  w i t h  C F U / m l  B.  

p a r a p e r t u s s i s  fo r h r  a n d  m a i n t a i n e d  i n  T 1 9 9 med i u m .  The r e  

i s  co m p l e t e  l o s s  o f  c i l i a  f r o m  m a n y  e p i t h e l i a l  c e l l s  ( a r r o ws ) . 

H & E .  X 3 1 2 .  

F i g u r e  6 . 29 

A t r a c h e a l  c u l t u r e  i n f e c t e d  w i th CF U/ml B .  

par ape r t u s s i s  i n  T 1 9 9 med i u m . Th e  e n t i r e  e p i t he l i a l l a y e r  i s  

d i s o r g a n i s e d  a n d  s h o w s  s e v e r e  l o s s  o f  c i l i a t e d  c e l l s .  The 

r em a i n i n g c e l l s  s h o w  s e v e r e  c y t o p l a s m i c  v a c u o l a t i o n  and the 

n u c l e i  a p p e a r  p y k n o t i c . H & E .  X 3 1 2 .  
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3 . 2 . 3 TOPOGRAPH I CAL MOR PHOLOGY 

The l uminal  surface of uninfected tracheal organ cultures fi xed 

1 hr pi showed good preservation of the respi r ator y epi thel ium when 

examined by SEM . The mucosal  surface cons isted o f  both c i l i ated , 

non-c i l i ated and goblet cel l s  and the boundaries between adj acent 

non-c i l i ated and goblet cells  were e a s i l y  d iscerned similar  to that 

descr ibed in the earlier  controls ( Fig . 6 . 8 ) . 

In  cultures  inoculated with the bacter i a l  ti tres o f  �1 0 1 CFU/ml , 

most of the epi the l ium was i ntact a lthough a few ci�ed__ epithelial­

cells  showed mi l d  extrusion from the mucosal surface ( Fig . 6 . 30 ) . At 

high magni ficat ion , structures recogni s able  as cocco-bac i l l i  were 

found attached to the lower portion of c i l i a  ( Fig . 6 . 30 ) . Epi the l i a l  

ce l l  extrus ions were more mar ked in  the cultures inoculated with + 1 03 

CFU/ml bacte r i a l  titre  ( Fi g .  6 . 3 1 ) and s ingle bacteria  were found 

between the t i ps of the c i l i a  in i nt act areas ( Fig . 6 . 3 1 ) .  

Most o f  the c i l i a  s t i l l  remai ned intact in  organ cultures 

inoculated with a + 1 05 CFU/ml bacte r i al titre  ( Fig . 6 . 32 )  and there 

was moderate extrusion of epi thel i a l  cel l s . Bacter i a l  microcolonies 

were observed on the top o f  the c i l i ary carpet (Fig . 6 . 33 )  and a few 

s i ngle organ i sms were found between the c i l ia ( Fig . 6 . 33 ) . 

The mucous membrane i n fected with a bacter ial  titre  o f  + 1 07 

CFU/ml was l argely denuded o f  c i l i a  ( Fi g .  6 . 34 ) , and under l yi ng 

non-c i l i ated c e l l s  occupied the spaces left by expel led c i l i ated 

ce l ls . At h i gh magni fication , the pred i lection o f  B. parapertu s s i s  

for c i l i ated c e l l s  was read i l y  demonstrated , a n d  the organ i sms were 

found entangled within tufts of the remaining d i sordered c i l i a . 

Attachment appeared to be predominantl y  to the upper half  o f  the c i l ia 

( Fi g .  6 . 35 )  and no bacteria  were seen on the l uminal  surface o f  

non-c i l i ated c e l l s . Most o f  the non-c i l iated epithe l i a l  cells  were 

swollen and protruded into the lumen . The i r  surface was i rregular , 

bulbous and devoid  of bacter i a  ( Fi g .  6 . 35 ) . Multiple attachment o f  a 

single bacter i um to more . than one c i l l ium and attachment o f  several 

organi sms to the same c i l l ium was common . 



Figure 6 . 30 

A tracheal culture i noculated with +1 0 1 CFU/ml o f  B .  

parapertus s i s  for hr . The epi thel ium i s  l argely 

X 1 , 20 0 . 

i ntact 

The al though a few cel l s  show extrusions . SEM . 

i n set micrograph shows a h i gh magni ficat ion 

recogni sable as cocco-bac i ll i  ( ar rows ) which  are 

the lower portion of c i l i a  • SEM . X 1 2 , 000: 

o f  s tructures 

attached to 

Figure 6 . 3 1  

A tracheal organ culture i n fected with +1 03 CFU/ml of B .  

parapertussis  for hr showing  

extrus ions . SEM . X 1 000 . 

Figure 6 . 32 

The epi thel ium of a tracheal 

+ 1 0 5 CF U/ml of a: par apertuss i s  

e x trus ion o f  epi the l i a l  c e l l s. 

many epithel i al cell  

culture inoculated with 

for 1 hr showin g  moderate 

SEM . X 1 , 200 . 





Figure 6 . 3 3 

Bacterial  microcolonies  observed on the top o f  the 

c i l i a r y  carpet of tracheal cultures inoculated with + 1 05 

CFU/ml of � parapertuss i s  for 1 hr . SEM . X 8000 . 

Figure 6 . 34 

The mucus membrane o f  a tracheal  culture i noculated with 

+ 1 07 CFU/ml of B .  parapertuss i s  for 1 h r  showin g  severe loss 

o f  c i l i a . SEM . X 400 . 

Figure 6 . 35 

High magn i fi cation  o f  the epithe l i um o f  a tracheal 

culture i n fected with + 1 07 CFU/ml of B .  parapertussis . Mos t  

o f  the non-c i l i ated cel l s  are swollen a n d  protrude into the 

l umen . SEM . X 2000 . The i nset micrograph i l lustrates the 

close association  of B. parapertussis  organisms ( arrows ) with 

the c i l i a . SEM . X 1 0 , 00 0 .  
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3 . 2 . 4  ULTRASTRUCTURE  

The ultrastructural features o f  u n inoculated ovine  tracheal 

organ c ultures were similar to those descr ibed ear l i e r  ( Fi g .  6 . 1 6 ) .  

Mild  cellular degenerative  changes includ ing s l i ght swe l l i ng o f  

the nucleus a n d  margination o f  chromat i n  were seen 

inoculated with bacterial  t itres o f  + 1 0 1 and + 1 0 3 
i n  cultures 

CFU/ml and 

occas ional l y  bacteri a  were found among c i l i a  ( Fi g .  6 . 36 ) . At hr pi  

with + 1 05 CFU/ml t i tre , multiple  encapsulated bacter i a  could be seen 

o n  the luminal border of c� l iated - cells ( Fi g �  6 .  3 7 )  • · Numerous 

organ isms were found among the c i l i a  and up to six organ i s ms could be 

found between c i l i a  across the width of a s ingle epithe l i a l  cell ( Fi g .  

6 . 37 ) . High magn i fi cation revealed that the organisms were surrounded 

b y  a dense , fuzzy , p i l i-like structures ( Fi g .  6 . 38 ) , whi ch appeared 

to med i ate the attachment o f  the bacteria to the c i l i a . The 

extracel lular membrane of the c i l i a  at the s i te of the attachment was 

absent ( Fig . 6 . 38 ) ,  but bacteria  remai ned in an  e x tracellular 

location , with no evidence of i nter- or intracellular  invasion . 

Adj acent non-c i l i ated cells had no organi sms attached and appeared to 

be ultrastructurally  normal . 

Examination o f  organ cultures 1 hr a fter inoculation  with the 

highest bacte r i a l  t itre ( + 1 07 CFU/ml ) showed severe d amage and 

e x foliat ion of most o f  the c i l i ated and i n termediate c e l l s  o f  the 

epithe l i al sur face ( Fig . 6 . 39 ) .  The epithel ium was replaced by 

e x tens i vely  f lattened elongated cells  covering  undifferenti ated basal 

cells  which formed a conti nuous monolayer overlying  the basement 

membrane .  The cytoplasm of these cells  contained prominent supra- and 

sub-nuclear amorphous mater i a l  within v acuoles which resembled 

l ysosomes . The i nterd igitation o f  the lateral surfaces o f  the 

adj acent basal cells  were loose . No organ i sms were seen in close 

assoc i at ion with the epi thel ium , but very occasionally  s i ngle  bacter i a  

were found a few microns above the luminal  sur face o f  the epi thel i u m .  

3 . 2� 5  BACTER IAL GROWTH CURVES I N  ORGAN CULTURE 

Tracheal organ cultures in fected with B .  par apertussis  

consistently yielded the organisms at the  time of harvest ( up to  7 . 5  

hr pi ) .  



Figure 6 . 36 

The epithel ium o f  an organ c ulture i n fected with + 1 03 

CFU/ml o f  B .  parapertuss is for hr . I t  exhibits  mild  

cel l ular degeneration i ncluding s l i ght swe l l i ng of the nucleus 

( N )  and marg ination of chromati n .  Occasionally  bacteria  

( arrows ) were found among the c i l i a .  TEM . X 6 , 30 0 .  

Figure 6 . 37 

A large number o f  �· par ape rtuss i s  organ isms ( Arrows ) 

are present among the c i l i a  of tracheal cultures i nfected with 

+1 0 5 CFU/ml for hr but cell  damage i s  minimal . TEM . X 

5 , 000 . 
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Figure 6 . 38 

High magni fication o f  a B .  parapertus s i s  _9rgan� s� 

showing the dense , fuzzy , p i l i -l i ke structures on i t s  surface . 

TEM . X 85 , 500 . The i nset micrograph shows that the 

extracel l u lar membrane of the c i l i a  at the site of bacterial  

attachment i s  absent ( arrow ) . TEM . X 6 4 , 1 00 .  

Figure 6 . 39 

A tracheal organ culture i n fected with + 1 07 CFU/ml of B .  

parape rtus s i s  for 1 hr showing  severe damage and e x fo l i ation 

o f  mos t  o f  the upper and intermed i ate cells  leaving only  a 

l ayer o f  basal cel l s  rema i n i n g . TEM . X 8 , 200 . 
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The points  i n  Fi gure 6 . 40 represent the c i l i a-stopping effect 

for each t i tre at the intervals shown . Growth curves observed after 

the incubation o f  vi abl e  bacter i a  at t iaes rang ing from + 1 0 1 + 1 07 

CFU/ml a l l  reached a platau ( lag phase ) at the level o f  approx imately  

+ 1 08 CFU/ml . Viable numbers reached between + 1 06 - + 1 08 CFU/ml on  the 

seventh hour after inoculation even with titres  as low as + 1 0 1 CFU/ml 

( Fig . 6 . 40 ) . C iliary  beating tended to d isappear at the time when  

the viable number of organi sms reached �1 06 - + 108 CFU/ml . The t i me 

o f  c i l iostasis  was a l so dependent upon the i n i t i a l  t i tre o f  the 

i noculum used ( Table 6 . 5 ) . 

3 . 3  PASTEURELLA HAEMOLYTI CA 

3 . 3 . 1 OBSERVATION OF CILIARY ACTIVITY 

Uni noculated tracheal organ cultures , mai ntai ned in T 1 99 med ium 

for 3 hr d i splayed an i ntact ep ithel i um with v igorous ly  beating  c i l i a  

throughout the 7 hr of the observation period . 

Viable P .  haemo lyt ica  organi sms a t  + 1 09 CFU/ml , i n i t i a l l y  

produced a sign i ficant  reduction  i n  c i l iary  beating  w i t h i n  the first  

hour o f  exposure , with mas s i ve epi the l i al cell  desquamat ion . Complete 

inhibition of c i liary  activity  was achieved by 3 hr ( Table 6 . 8  & 6 . 9 ) . 

The other groups of tracheal cultures inoculated with f. 

t i tres were s lower in reducing c i l i ar y  acti vity . 

haemolytica 

The c i l iary  

i n acti vation patterns were basically  similar , but the t i me taken to 

reach the v arious levels of lowered act i v ity  increased by 1 - 1 . 5 hr 

for each 20-fold decrease in v i able  organ i sms i nocu lated ( Tabl e  6 . 8 ) . 

3 . 3 . 2  H ISTOLOGY 

Tracheal tissue maintai ned in T 1 99 med ium for 3 hr retained good 

preservation of cel lular  morpholog y ,  similar  to that described earlier  

( Fig . 6 . 1 ) .  

Organ cultures i noculated with the two lowest t i tres  o f  P .  

haemolyt i c a  ( + 1 03 CFU/ml and + 1 05 CFU/ml ) showed m i ld to moderate 

changes at 3 hr pi . These changes included m i ld nuclear swe l l i ng and 



TABLE 6 . 8 :  THE RELATION BETWEEN TIME - STOPPING EFFECT AND 

NUMBER OF P .  HAEMOLYTICA ORGANI SMS ( CFU/ML ) 

GROUP OR IGINAL N UMBER OF ORGANISMS ( CFU/Mt) 

CODE I NOCULUM AT DIFFER ENT TIMES ( HR )  

NO . CFU/ML 3 4 5 . 5  

0 1  + 1 09 + 1 09* + 1 09 + 1 09 
- - - -

02 + 1 07 + 1 08 + 1 09*  + 1 09 
- - - -

03 + 1 05 + 1 08 + 1 08 + 1 09 *  
- - -

04 + 1 03 + 1 07 + 1 07 + 1 08 
- - - -

* TIME - STOPPING EFFECT COMPLETED .  

PT 

7 

+ 1 08 
-

+ 1 08 
-

+ 1 09 
-

+ 1 08*  
-

. -

TABLE 6 . 9 :  EFFECT OF FOUR P .  HAEMOLYTICA TITRES ON 

C ILIARY ACTIVITY OF TRACHEAL ORGAN CULTURES 

ORIGI NAL CILIARY ACTIVITY POST I NOCULATION  ( HR )  

I NOC ULUM 

CFU/ML 0 1 /2 1 2 3 4 5 . 5  7 

+ 1 09 +++ +++ ++ + - - - -
-

+ 1 07 +++ +++ +++ + + - - -
-

+ 1 05 +++ +++ +++ ++ + + - -
-

+ 1 03 +++ +++ +++ +++ ++ + + -
-

CONTROL +++ +++ +++ +++ +++ +++ +++ +++ 



Figure 6 . 40 

Bordetella  parapertu s s i s  growth curves in  tracheal organ 

culture maintained in  T 1 99 med ium showing that all t i tres  

reached a p lateau ( lag phase ) at  the level o f  +1 0 6 to +1 08 

CFU/ml in  the seventh hour post-inoculation . 
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chromatin  marg i nation , moderate cytoplasmic vacuol ation and loss o f  

c i l i a  from some epithelial cells . There  w a s  moderate e x fo l i at ion o f  

c i l i ated epithelial  cel ls  and occasional gram negati ve organi sms were 

present on the remaining  cells  ( Fi g . 6 . 4 1 ) .  

Cellular morphology o f  tracheal organ cultures at  3 hr a fter 

i n fection with P. haemolytica at ti tres o f  �1 07 CFU/ml demonstr ated 

severe e x foliat ion of c i l i ated and non-ci l i ated epithe l i al cells  and 

the remaining  epithelial  cells  e xhibi ted moderate nuclear swe l l ing and 

chromatin  margi nation , cytoplasmic vacuolation and moderate loss o f  

c i l i a . Moderate numbers o f- �ram negat i �� org�n ismj were seen -�n th� 

luminal surface ( Fig . 6 . 42 ) . 

The most striki ng cellular changes i n  this group o f  experiments 

occurred in  the tracheal organ cultures inoculated with the hi ghest 

ti tres ( + 1 09 CFU/ml ) fixed at the cessation o f  c i l i a r y  beating (3 hr , 

pi ) • The epi thel ial  layer was severely d amaged and d i sorgani sed with 

severe e x fo l ia t ion of both c i l i ated and non-c i l i ated cel l s . Thi s  

involved the whole epithel ial thickness leaving large denuded areas 

( F i g .  6 . 43 ) . The intact c i l i ated epithe l i al cells  demonstrated 

nuclear swe l l i ng and chromat i n  marginat ion , severe cytoplasmic 

vacuolation in subnuclear areas and loss o f  c i l i a . Large areas o f  

c i l i ated epithelial  cells exhibited metaplastic  change t o  cuboidal  

cells . No  organi sms wer e  found on the epithelial  sur face . Table 6 . 1 0  

summarises the cytopathological changes seen . 

3 . 3 . 3  TOPOGRA PH ICAL MOR PHOLOGY 

Uninoculated tracheal organ cultures maintained for 3 hr in T 1 99 

med ium exhibi ted normal surface morphology which was similar  to that 

descr ibed ear l i er ( Fig . 6 . 8 ) . 

The epithelial  sur face o f  organ cultures examined 3 hr a fter 

inoculation with P .  haemolytica at  + 1 03 CFU/ml and + 1 05 CFU/ML t itres 

showed mild to moderate loss of c i l i a  when compared with the 

unin fected control s .  Thi s  was accompan ied by the appearance o f  

e x truded fragments of c i l i ated cells  which l e ft behi nd a 

smooth-surfaced membrane . The c i l i a  showed an obv ious lack o f  

r i gid ity  and some lay across the non-ci l i ated sur face , whi l e  others 

were tufted together ( Fig . 6 . 44 ) . The non-c i l i ated sur face appeared 



TABLE 6 . 1 0 :  CYTOPATHOLOGICAL CHANGES I N  EPITHELIAL 

CELLS OF TRACHEAL ORGAN C ULTURES 

ORIGI NAL 

I NOCULUM 

CFU/ML 

+ 1 09 
-

+ 1 07 
-

+ 1 05 
-

+ 1 03 
-

I NOCULATED WITH P .  HAEMOLYTICA 

CYTOPATHOLOGICAL CHANGES 

ENLARGMENT CYTOPLASMI C  EPITHELIAL EPITHELIAL 

OF NUCLEI VAC UOLATION EXFOLIATION METAPLASI A  

SEVERE SEVERE VERY SEVERE NIL 

SEVERE MODERATE SEVERE  NIL 

MODERATE MODERATE MILD NIL 

M ILD MODERATE MILD PRESENT 

NUMBER OF 

BACTERIA 

ON LUMINAL 

SURFACE 

OCCASIONAL 

FEW 

MODERATE 

MODERATE 



Figure 6 . 4 1  

A trachea l  organ culture i noculated with + 1 03 CFU/ml o f  

P .  haemo lyt i c a  for 3 h r s  i n  T 1 99 med i um .  The epithe l i a l  

cel l s  show mild  nuclear swel l i ng , v acuolation and loss o f  

c i l i a . H&E . X 3 1 2 .  

Figure 6 . 42 

An organ culture i n fected with + 1 07 CFU/ml o f  P .  

haemolyt i c a  for 3 hrs and maintained i n  T 1 99 medium . There i s  

severe e x fo l i ation  o f  c i l i ated and non-c i l i ated epithe l i a l  

cel ls ( arrows ) . H&E . X 3 1 2 .  

Figure 6 . 43 

A tracheal  organ culture i noculated with + 1 09 CFU/ml o f  

P .  haemolyt i c a  

epi the l i al l ayer 

e x fo l i at ion of 

3 1 2 .  

for 3 hrs and mai ntai ned i n  T 1 99 med ium . The 

i s  severely d i sorgan i sed with severe 

both c i l i ated and non-c i l i ated cells . H&E . X 
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flattened with numerous microv i l l i . No organ i sms were found attached 

to the epithe l i a l  surface c i l i ated or non-c i l iated cells  ( Fi g .  6 . 44 ) . 

Severe e p i the l i a l  damage was seen i n  tracheal r i ngs i noculated 

with P .  haemolytica  at t i tres of  + 1 07 CFU/ml . The e x fo l i ated cells  

covered the ent i re l uminal  surface ( Fi g .  6 . 45 )  and most were swollen 

and exhibited a var iety of morphological  changes . The e x truded cell s  

consi sted o f  both c i l i ated and non-c i l i ated cel l s  together with 

cel lular fr agments . The plasma membrane o f  these c e l l s  was e i ther 

roughened or smooth with numerous holes and p i ts ( Fi g .  6 .  45 ) • No 

organisms were seen attached--tu--any- �tthertal --surfaces-f n- t hese: 

c ultures . 

Tracheal cultures examined 3 hr p i  with the hi ghest titres  o f  f. 
haemolytica (�1 09 CFU/ml ) showed e x tensive  and severe e x fo l i at ion of 

the epithel ium with complete loss of i ntact cells ( Fi g .  6 . 46 ) .  The 

e x foli ated cel l s  were characterised by a smooth-surfaced membrane 

which was in most instances was severely damaged by ho les and pits 

( Fig . 6 . 47 ) . The p lasma membrane o f  most o f  the e x fol iated cells  was 

shrunken . Structures recogn isable  as c apsulated bac i l l i-l ike 

organisms were found occasion a l l y  but were not in c lose contact with 

the cellular membrane and tended to form small  microcolonies  tr apped 

between the fragments of cellular debri ( Fi g .  6 . 47 ) . 

3 . 3 . 4  ULTRASTRUCTURE 

There was good preservation o f  c i l i ated epithe l i um in  the 

uninfected organ cultures whi ch resembled the contro l s  of earlier  

exper iments ( Fi g . 6 . 1 6 ) . 

Organ cultures mai ntai ned i n  T 1 99 med ium and e xamined 3 hr after 

i noculation with + 1 03 CFU/ml of P. haemolytica were markedl y  

d i fferent from contro l s . There were fewer cil iated cel l s  and those 

p resent contained less c i l i a . The epithe l i a l  cells were swollen and 

the ir cytoplasm contai ned numerous vacuoles . Some v acuoles were 

large and conta ined an amorphous , d ark  material resemb l i ng• l ipid . 

Lysosomes were also prominent ( Fi g .  6 . 48 ) . These changes were more  

pronounced and  widespread in  the organ 

bacteri a l  t i tres o f  + 1 05 CFU/ml for 3 hr . 

cultures infected with 

The most prominent changes 

seen in  this group were subnuclear vacuolation and the development o f  



Fi gure 6 . 44 

The epithelial  surface o f  an organ culture i noculated 

with + 1 03 CFU/ml o f  P. haemolytica  for 3 hrs showing moderate 

los s  of c i l i a . The c i l i a  show an obvious lack of r igidity  and 

some lie across the non-c i l i ated surface . The non-c i l i ated 

surface appears flattened and shows numerous microvi ll i . SEM . 

X 4 , 000 . 

Figure 6 . 45 

An o rgan culture i n fected with + 1 07 CFU/ml o f  P .  

haemolytica  for 3 hrs showing severe epi the l i a l  damage . 

E x fo l i a ted cel l s  cover the entire  l uminal  surface . SEM . X 

400 . The inset micrograph shows the plasma membrane o f  an 

e x fo l i ated cel l  which i s  roughened and contains numerous holes 

and p i t s  ( arrows ) .  SEM . 2 , 000 . 

Figure  6 . 46 

A tracheal organ culture e xamined 3 hrs post-inoculation 

with + 1 09 CFU/ml o f  P .  haemolytica showing e xten s i ve and 

severe e x fo l i ation  o f  the epi the l i um with complete loss o f  

ci l i a . SEM . X 400 . 
• 





F i gure 6 . 47 

E x foliated cel l s  from organ cultures i n fected with + 1 09 

CFU/ml o f  P .  haemo l yt i c a  for 3 hrs . They were characterised 

by a smooth-surfaced memb r ane--which i s  sever-ely damage·d- · by ­

hol e s  and p i ts ( arrows ) .  Capsulated bac i l l i-l i ke organi sms 

were observed i n  small m icrocolonies  ( MC )  between the 

fra gments of cellular  debr i .  SEM . X 4 , 000 . 

Figure 6 . 48 

The ultrastructure o f  a trachea l  culture i n fected with 

+ 1 0 3 CFU/ml o f  P .  haemolytica  and e xami ned 3 hrs 

pos t -inoculation . The e p i thel ial  cell s  are swol len  and thei r  

cytoplasm contains  numerous empty v acuoles ( EV ) . Some 

v ac uoles are l arge and contain  an amorphous , dark mater i a l  

( DV ) . TEM . X 5 , 00 0 .  

• 
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t r ans lucent areas i n  the  subnuclear cytoplasm ( Fi g .  6 . 49 ) . 

The i ntact epithe l i al l ayer o f  cultures inoculated with + 1 07 

CF U/ml , showed severe morphological changes . Many cells  d isp layed 

loss of c i l i a  and nuclear enl argemen t . The subnuclear cytoplasm was 

trans lucent hav ing lost most o f  its ultrastructural const i tuents . 

Most of the RER  was absent  and the mi tochondr i a  appeared enlarged with 

d i srupted cristae ( Fi g . 6 . 50 ) . These changes became more severe and 

w idespread i n  the epithel ium o f  tracheal organ cultures inoculated 

w i th �1 09 CFU/ml , espec i a l l y  the cytoplasmic and surface changes . The 

epi thel ial  layer was highly  d i sorgani sed and many cells  showecr nuclear - -

e n largement with chromat i n  marg ination . The luminal  surface was 

markedly uneven due to c ytoplasmic budd ing and swe l l i ng o f  microv i l l i . 

The cytoplasmic vacuolation  was very severe and involved both 

supranuclear and subnuclear  areas ( Fig . 6 . 5 1 ) .  I n  add ition , the 

m itochondria  were enlarged and most contained d isrupted cri stae ( Fi g .  

6 . 5 1 ) .  

3 . 3 . 5  BACTER IAL GROWTH CURVES I N  ORGAN CULTURE 

Pasteurel l a  haemolytica  organisms mu lti p l ied read i l y  i n  o v i n e  

t r acheal organ cultures maintained i n  T 1 99 med ium . Growth curves 

observed after inoculation o f  v i able organ i sms at t i tres between + 1 0 3 

to + 1 09 CFU/ml showed p l ateaus ( lag phas e )  o f  growth at a level o f  

+ 1 09 CFU/ml . This t itre was reached with a l l  i nocul a  o n  about the 

s eventh hour of i n fect ion  ( Fi g .  6 . 52 ) . Bacter i a l  t i tres o f  + 1 03 

CF U/ml increased f i ve fold within 7 hr ; titres  o f  + 1 05 and + 1 07 

CF U/ml increased four and  two fold respect ively  within 5 . 5  hr pi and 

t i tres + 1 09 CFU/ml remained  stable in lag phase up to 5 . 5  hr before 

d e c l in ing ( Fig . 6 . 52 ) . 

3 . 4  NEISSERIA  CATARRHALIS 

3 . 4 . 1 OBSERVATION  O N  C ILIARY ACTIVITY • 

Cil iary  beati ng o f  u n i n fected tracheal organ cultures remai ned 

strong for up to 9 hr after preparation . ( Table 6 . 1 1 ) .  



Figure 6 . 49 

A tracheal  organ culture infected with + 1 05 CFU/ml o f  P .  

haemol ytica for 3 hrs . Subnuclear vacuolati-on -- � arrows-)-- was-­

the most prominent change observed in  the epithe l i a l  cel l s . 

TEM . X 5 , 00 0 . 

Figure 6 . 50 

Epithe l i a l  c e l l s  o f  a tracheal organ culture i n fected 

with + 1 07 CFU/ml of P .  haemolytica  for 3 hrs . There i s  

severe loss o f  c i l i a  ( ar rows ) and nuclear  enl argement ( N ) . 

The subnuclear c ytopl asm i s  trans lucent having lost most o f  

i t s  ultrastructural constituents . TEM . X 5 , 000 . 
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Figure 6 . 5 1  

The luminal surface o f  a tr acheal  culture infected with 

+1 0 9 CFU/ml o f  P .  haemolytica  for 3 hrs . I t  i s  marked ly  

uneven due  to  cytoplasmic budding and  swe l l ing o f  microv i ll i . 

The cytoplasm contains  numerous vacuoles i n  both supranuclear 

and subnuclear areas . TEM . X 2 , 000  • 

• 
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Figure 6 . 52 

Pasteu r e l l a  haemolyt i c a  growth curves i n  tracheal organ 

culture maintained i n  T 1 99 med ium showing  that all ti tres 

reached a p lateau o f  growth at a level o f  + 1 0 8 to + 1 09 CFU/ml 

7hrs post-inoculat ion • 

• 
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When tracheal cultures were i n fected with N .  catarrhal i s  at 

high ti tres ( + 1 08 CFU/ml ) there was s lowing of the c i l iary  acti v i t y  2 

hr p i  followed by complete c i l iostasis  2 hr later ( Tabl e  6 . 1 2 ) . The 

viable  number of N .  catarrha l i s  for each inoculum at  the time o f  

c i l i ostas i s  at the interval s shown a r e  g i ven in Table 6 . 1 1 .  Cessation 

o f  c i l i ary act i vi ty occurred when each i nocu lum reached + 1 08 CFU/ml at 

times  of 4 ,  5 ,  6 and 9 hr . At lower bacter ial  titres there was no 

essential  d i fference in  the pattern of development of c i liostas i s  

although i t  developed more s lowl y .  

3 . 4 . 2  HISTOLOGY 

Unin fected tracheal t i ssue cultures retained a comparat i ve l y  

good c i l i ated epithel ium when fi xed at  4 hours a n d  showed s i m i l ar 

hi stological appearance to those descr ibed earl ier ( Fi g .  6 . 1 ) .  

Tracheal r i ngs i n fected with the lowest bacte r i a l  t i tres  ( + 1 02 

CFU/m l ) showed mild  nuclear swell ing and cytoplasmic vacuol ation . 

There  was moderate loss o f  c i l i a  and mild  epithe l i a l  cell  e x fo l i ation . 

I n  some areas , the epi the l i a l  cells  took on a cuboidal  appearance .  

Sections stained with gram Twort showed gram negat i ve d ip lococci 

organisms between cellular  d ebri but no organisms were found on the 

intact epithe l i a l  surface ( Fi g .  6 . 53 ) . 

Organ cultures i n fected with bacterial  titres o f  + 1 04 CFU/ml 

showed simi lar but s l ight l y  more severe histopatho logical  changes and 

moderate epithe l ial  e x fo l i a t ion . Cytoplasmic vacuolation and early  

squamous metap las ia  were the  most prominent changes ( Fig . 6 . 54 ) . No 

orga n i sms were seen in sections stained with gram Twort techni que . 

The cellular  architecture o f  the epithelium o f  rings  i n fected 

with bacterial  t itres + 1 06 CFU/ml was d i sorgan i sed and the nuclei  

appeared pyknot i c . Vacuolat ion was severe and present i n  mos t  cel l s . 

In  addition , mos t  c e l l s  appeared to have lost the i r  c i l ia and there 

e x fo l i ation  involv ing both c i l i ated and was mild epithe l i a l  

i ntermed i ate l ayers . Neither metaplastic  changes nor N .  catarrhal i s  

organisms were observed ( Fi g . 6 . 55 ) . 

Tracheal tissue in  organ cultures e xposed to the h ighest N 



TABLE 6 . 1 1 :  THE RELATION BETWEEN TIME-STOPPING EFFECT AND 

NUMBER OF N .  CATARRHALIS ORGANISMS (CFU/ML ) 

GROUP ORIGINAL VIABLE NUMBER OF ORGANISMS - CFlJ/Mb PI · ( HR-)--
CODE INOCULUM 

NO . CFU/ML 4 5 6 8 
0 1  + 1 0 8 

+ 1 08 * 
+ 1 08 

+ 1 08 
+ 1 08 - - - -

02 + 1 0 6 
+ 1 0 8 

+ 1 08 *  
+ 1 0 8 

+ 1 08 - - - - -

03 + 1 04 
+ 1 9 8 

+ 1 08 
+ 1 08* 

+ 1 08 - -
-

04 + 1 02 
+ 1 08 

+ 1 08 
+ 1 08 

+ 1 08* - - - - -

* TIME - STOPPING EFFECT COMPLETED . 

TABLE 6 . 1 2 :  EFFECT OF FOUR N .  CATARRHALIS TITRES ON 
THE C ILIARY ACTIVITY OF TRACHEAL ORGAN CULTURES 

ORIGINAL C ILIARY ACTIVITY I NOC ULATION ( H R )  
I NOCULUM 0 1 /2 1 3 4 5 6 8 9 
+ 1 0 8 +++ +++ ++ + - - - - --

+ 1 06 
+++ +++ ++ + + - - - --

+ 1 04 
+++ +++ +++ ++ + + - - --

+ 1 02 
+++ +++ +++ +++ ++ ++ + + --

CONTROL +++ +++ +++ +++ +++ +++ +++ +++ +++ 



Figure 6 . 53 

A tr ache al ring  i n fected with + 1 02 CFU/ml N .  

catarrha l i s  for 4 hrs and mai nt�inett- ·in -T 1 9�-med iunr. � The·re--t s ­

moderate loss of c i l i a  and mild  epithe l i al cel l e x folia t ion . 

H&E . X 3 1 2 .  

Figure 6 . 54 

An organ culture i n fected with CFU/ml N .  

catarrhal i s  for 4 h r s  a n d  maintained i n  T 1 99 med i u m .  The 

cytoplasmic vacuolation  o f  epithe l i al cel l s  and early  squamous 

metap lasia  ( arrows ) are the mai n features . H&E . X 3 1 2 .  
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catarrha l i s  t i tr es ( + 1 08 CFU/ML ) showed evidence o f  severe damage to 

the ep ithe l i a l  l ayer . There was moderate exfoliation , severe loss o f  

c i l i a  and severe cytoplasmic vacuo l at ion . The e x posed epi the l i a l  

sur face took o n  a n  appearance o f  squamous metaplasia  ( Fi g .  6 . 56 )  but 

no attached organisms wer e  demonstrated . Table 6 . 1 3  summar i zes the 

cytopatholog ical  changes which occurred . 

3 . 4 . 3  TOPOGRAPH I CAL MORPHOLOGY 

The mucosal  surface of uninoculated organ c ultures appeared 

generally  intac t and was similar  in appearanc-e ·  to those- - described­

ear l i er ( Fig . 6 . 8 ) , a l though occasionally  a few sloughed cell s  were 

observed . 

Organ cultures i n fected with the lowest bacter i a l  ti tres ( + 1 02 

CF U/ml ) showed s l i ght epithel i a l  d i s rupt ion with m i ld loss o f  c i l i a  

and s loughi ng o f  a few epi the l i a l  cel l s  (Fig . 6 . 57 ) . The epithe l i a l  

sur face appeared highly c i l i ated and the s loughed epithel i a l  cel l s  

al so remai ned predominantl y  c i l i ated . Neisser i a  catarrha l i s  organi sms 

were not seen associated or attached to the epi thel i a l  surface . 

The luminal surface o f  tracheal  r ings inocu lated with + 1 04 

CFU/ml showed a greater loss o f  c i l i a .  Thi s  l oss was accompanied b y  

t h e  appearance of bulbous bulges on the epithe l i a l  surface . There 

were d istinct boundaries between the bulges and  the r est o f  epithe l ium 

suggesting that the bulges origin ated from cel l s  i n  the i nferior  

ep ithel i a l  l ayer . The sur face o f  these bulges varied from rough to 

microvi llus l i ke in appearance . The c i l i a  of the intact c i l i ated 

c e l l s  showed loss o f  r i g i d ity and regularity ( F i g .  6 . 58 ) .  

Loss o f  c i l i a  was more pronounced i n  organ cultures infected 

with + 1 06 CFU/ml and there was moderate e x foliation o f  epi the l i a l  

c e l l s . Although there was a n  increase i n  the non-c i l iated surface the 

number of bulges or protruded cells  was fewer than at  lower t i tres . 

The c i l i a  o f  i ntact c i l i ated cel l s  appeared entangled and showed loss 

of rigidity ( Fig . 6 . 59 ) . 

The epi thel i a l  surface o f  tracheal cultures i n fected with + 1 08 

CFU/ml showed severe loss  o f  c i l i a . The rema i ning  non-c i l i ated 

surface was uneven and rough with numerous knob-like projections ( Fi g .  



TABLE 6 . 1 3 :  CYTOPATHOLOGICAL CHANGES I N  EPITHELIAL 

OR I GI NAL 

I NOC ULUM 

CFU/ML 

�1 9 8 

+ 1 06 
-

+ 1 0 4 
-

+ 1 02 
-

CELLS OF TRACHEAL ORGAN 

INOCULATED WITH N .  

CULTURES 

CATAR RHALIS  

CYTOPATHOLOGICAL CHANGES 

ENLARGMENT CYTOPLASMIC EPITHELIAL EPITHELIAL 

OF NUCLEI VACUOLATION EXFOLIATION METAPLASIA 

SEVERE SEVERE SEVERE PRESENT 

SEVERE SEVERE SEVERE PRESENT 

MODERATE MODERATE MODERATE PRESENT 

MILD MILD MILD PRESENT 

NUMBER OF 

BACTER IA 

ON LUMINAL 

SURFACE 

NIL  

NIL  

NIL  

N I L  



An organ culture 

catarrhal i s  for 4 hrs 

Figure 6 . 55 

i noculated with + 1 06 CFU/ml N .  

and -- m-ain�a i rred- i n  T 1-gg-me<tturrr;- The - -

epi thel i a l  l ayer is  d i sorgani sed and there i s  moderate loss o f  

ci l i a  a s  wel l a s  mi ld epithe l i a l  e x foliation . H&E . X 3 1 2 .  

Figure 6 . 56 

A t racheal  culture i n fected with CF U/ml N .  

catarrha l i s  for 4 hrs and maintai ned in T 1 99 med ium . There i s  

severe loss o f  c i l i a  and c i l i ated cel l s . I n  some areas the 

remaining  epithelium shows squamous metaplas i a .  H&E .  X 3 1 2 .  





Figure 6 . 57 

The epithe l i um o f  an organ culture i n fected with + 1 02 

CFU/ml N .  catarrhal is for 4 hrs showing  mild  loss  o f  c i l i a  

and s loughing of a few epi the l i a l  cel l s . SEM . X 2 , 000 . 

F i gure 6 . 58 

The luminal s urface o f  a 

inoculated with + 1 0 4 CFU/ml o f  

tracheal  organ 

N .  catarrha l i s  

culture 

for 4 hrs 

showing numerous bulbous projections . The sur face o f  these 

var i e s  from rough to microv i llus-like in appearance . SEM . X 

2 , 00 0 . 

Figure 6 . 59 

The surface epi the l i um of an organ culture i nfected with 

+ 1 06 CFU/ml of N .  catarrh a l i s  for 4 hrs . Al though there i s  

a n  increase i n  non-ci l i ated cells  ( arrows ) the number o f  

bulges and protrud ing  cel l s  i n  less than at lower titres . 

SEM . X 2 , 000 . • 
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6 . 60 ) .  Some cel l s  had roughened apical  surfaces marg inated by l inear 

structures , resembling  o f  the bases o f  previous ly  fragmented 

epi thelial  cel l s . Other c e l l s  appeared enlarged and swollen and many 

had acqu ired a ruffled p l asma membrane which protruded from the 

l uminal  surface ( Fig . 6 . 60 ) . 

3 . 4 . 4  ULTRASTRUCTURE 

The ultr astructural morphology o f  tissue from uninoculated 

con t rol organ cultures was heal thy in appearance and the epithel ium 

remai ned comparatively  wel l ·· d i-f-fer-e n t i ateli t-fl-roughout--t-h�-pel'"iment 

( 9  hr ) ,  which was s imilar to earlier f i ndings  ( F i g .  6 . 1 6 ) . 

Mild loss o f  c i l i a  and focal cytoplasmic alterations were found 

in the tracheal  r ings i noculated w i th + 1 02 CFU/ml of N catarrhalis  

( Fi g . 6 . 6 1 ) .  These changes were more prominent and widespread in  the 

tracheal cultures inoculated with + 1 04 CFU/ml . At this titre  there 

was prominent subnuclear v acuolation , moderate numbers o f  lysosomes , 

mitochondr ial  enlargement and nuclear margination . Moderate number o f  

s lo ughed epithe l i a l  cel l s  or  cell  fragments were observed o n  the 

luminal surface ( Fig . 6 . 6� ) .  

The epi the l i a l  layer o f  tracheal cultures infected with + 1 06 

CFU/ml mai nly  cons isted o f  only two l ayers ; most o f  c i liated 

epi thelial  cel l s  having s loughed . The upper l ayer was composed o f  

ver y flattened cells  w i th few microv i ll i ,  whi le the lower l a yer 

cont ained almost cuboidal  cell s .  Both s loughed and intact epithe l i a l  

cel l s  exhibited severe v acuolation , nuclear margination o f  chromat in , 

and a loss in  i ntercellular  d i g itation ( Fig . 6 . 63 ) . At this t i tre  

the  nuclei  of sloughed cel l s  or cel ls undergoing  e x fo l i ation showed no  

d i s crete nuclei  and  the m itochondr i a  were  electron-dense ( Fig . 6 . 64 ) . 

These  changes were more  severe i n  the tracheal  epithe l ium i noculated 

with �1 08 CFU/ml , and there was loss of micro v i l l i  from the l uminal  

sur face ( Fig . 6 . 65 ) .  There was no e v idence o f  N .  catarrh a l i s  

organisms attached t o  the c i l i a  o r  penetrating the epithe l ium i n  any 

o f  the inoculated cultures . • 

3 . 4 . 5  BACTERIAL GROWTH CURVES I N  ORGAN CULTURE  

NEISSERIA CATARRHALIS organ isms mul t i p l i ed rapidly  in ovine  



Figure 6 . 60 

The epithe l i al surface o f  a trachea l  culture i n fected 

with + 1 08 CFU/ml of N .  catarrhalis  for 4 hrs showing severe 

loss of c i li a .  The non-c i l i ated surface- in  uneven and- �ugh­

with numerous knob-li ke projections . Other cel ls are enlarged 

and swollen and many have a ruffled plasma membrane . SEM . X 

4 , 000 . 

Figure 6 . 6 1 

An organ culture i n fected with + 1 02 CFU/ml o f  N .  

catarrhal i s  showing mild  loss o f  c i l i a  only . TEM . X 6 , 300 • 

• 





Figure 6 . 62 

A tracheal  culture i n fectect with- --+ 1 0!l 
_ _  eFU/mi - -err-- N-;  · 

catarrhal i s  for 4 hrs showing prominent subnuclear vacuolation 

and nuclear margination  o f  some epithe l i al cel l s . TEM . X 

5 , 000 . 

Figure 6 . 63 

The epi thel ium of a tracheal  organ culture i n fected with 

+ 1 06 CFU/ml of N .  catarrh a l i s  for 4 hrs . I t  cons i sts o f  an 

upper layer which is composed o f  flattened c e l l s  with few 

microv i l l i  and a lower l ayer containi ng almost cuboidal  cell s .  

Both s loughed and i ntact epithel i a l  cells  exhibit  severe 

vacuolation ( V )  and loss o f  i ntercellular d i gitation . TEM . X 

3 , 200 .  • 
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Figure 6 . 64 

AN epithe l i a l  cell  undergoing e x fo l iation from a 

tracheal  culture i n fected wi  ttt + 1 o6 CFU/mt -u f- -N-. - c atarrha-lt s -

for 4 hrs . It  has no d i screte nuclear membrane and the 

mitochondria  ( M )  are electron-dense . TEM . X 8 , 200 . 

Figure 6 . 65 

A tracheal organ culture in fected with + 1 08 CFU/ml o f  N .  

catarrh a l i s  for 4 h r s  showing severe damage t o  its  luminal 

surface with complete loss o f  microv i l l i  and c i l i a . TEM . X 

8 , 200 • 

• 





• 

1 5 4  

tracheal organ cultures maintained i n  T 1 99 medium . The l a g  phase o f  

the growth curve occurred at  + 1 08 CFU/ml and viable numbers reached 

simil ar levels 4 hr after inoculation i rrespect i ve of the i n i t i al 

t i tr e  o f  the inoculum ( Fig . 6 . 66 ) . The duration o f  the l ag phase was 

up to 9 hr . 

Figure 6 . 66 also i l lustr ates the i ncrease in  v iab le number o f  N .  

catarrha l i s  relative  t o  the o r i g i n a l  i noculum ; bacter i a l  t i tres o f  

+ 1 02 CFU/ml i ncreased 6 fold , �1 04 CF U/ml increased 4 fold and + 1 06 

CF U/ml i ncreased 2 fold whi l e  t itre of + 1 08 CFU/ml showed no 

increase and remained at the i n i t i a l  level o f  + 1 08 CFU/ml for up to .. 9 

hour s . 

4 . 0  DISC USSION 

Studies of the pathogens i s  of CNP i n  sheep have been faced by a 

number o f  d i fficulties . One o f  the most important o f  these i s  the 

need to assess the relative i mportance of the ever i ncreasing n umber  

of  potential  pathogens whi ch have  been  i solated from the  ovine  

respi ratory tract . Ideally , pathogenicity  should be measured in the 

natural  host under natural ( ie .  field ) condit ions , however , the 

widespread infection in  sheep in New Zeal and and its  seasonal n ature 

o f  SPF lambs for i ntranasal � 
the next  most usefu l  means o f  

makes this imposs ible . The use 

aerosol . i noculation would provide 

inves tigation , however the production and maintenance o f  su·dh , · l ambs 

is e xtremely expens i ve and t i me consuming . 

Organ culture systems have the advantage o f  prov iding  

spec i a l i sed and d i fferent iated host  ti ssue to  study the  e ffects of  

d i f fe rent organ i sms in  v itro . With  these models , t i s sue from a s ingle  

an i ma l  can  be used  for control  and  test  groups , thus  biological 

var i ation between i nd i vidual s  i s  e l iminated . Tracheal  cultures may be 

in fected with a speci fic number of cloned respirator y  pathogens ,  thus 

avo i d i ng the e ffect of second ar y  inv aders . Observat ion o f  c i l i ar y  

act i vi ty permits cont inuous mon i toring  of  injury and v i ab i lity  o f  

ind i v idual c i l i ated epithe l i a l  c e l l s  during the exper iment serves a s  

a n  index  o f  varying degrees o f  d amage . 



Figure 6 . 66 

Nei sser i a  catarrhal is growth curves in t racheal  organ 

culture maintained in  T 1 99 med ium . 

p l ateau of  growth at a l evel  o f  

post-inoculation . 

All  t i tres  reached a 

CFU/ml 8 hrs 
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Organ culture models do not possess a blood suppl y  and therefore 

do not have systemic host i mmune , hormonal , or nutr itional  factors 

present in  the intact animal . Thi s  probably magni fies  the i n j ur y  

patterns that wou ld b e  seen in  t h e  i ntact host . Ind i vidual  c e l l s  i n  

thi s  system c a n  respond to i n fection mainly  through the mechanism o f  

hyperplasia , metaplas i a  and/or necros i s . 

The present studies , have shown the value of an organ system for 

comparing pathogenicity  of microorgan i sms . The effect of B .  

parapertuss i s , �· ovipneumon i ae , �· haemolytica and N .  catarrha l i s  

in fections could b e  observed at the cellu lar leve l . Use o f  this  

system provides  an indicat ion o f  the d irect pathogen i c i ty of the 

organisms by reveal ing ( i )  i nterference with c i l i ary act i vity  and 

synchrony , ( i i ) a sequential  pattern of cytopathological  changes , and 

( i i i ) d isrupt ion o f  normal t i ssue archi tecture . 

Although a l l  the organi sms used in  this study produced , 

var i ably ,  c i l i ar y  i nhibition  and epithe l i al cell i n j ur y ,  the results 

have shown that the organ i sms can be d i vided into two groups . The 

fi r s t  group incl ude B .  parapertuss i s  and M .  ovipneumoniae which have 

the abi l ity  to attach to c i l i a . The second group include P .  

haemo lytica  and N .  catarrhal i s  which failed to attach . 

Elect ronmicroscopy showed that numerous B .  parapertuss i s  and M .  

ov ipneumoni ae organisms were located between the c i l i a  and o n  the 

sur face _ of c i l i ated cel l s . The organi sms were not immed i ately  

asso c i ated with  non-c i l i ated cells  

man i fested cytopatholog ical changes . 

a lthough these c e l l s  also 

The close associ ation o f  B .  par apertussis  and M .  ov ipneumoniae  

orga n isms with c i l i ated epithe l i a l  c e l l s  i s  con s i stent with the 

observations made o f  other recogni sed respiratory pathogens such as 

Bordetella  pertuss i s  ( Col l i er ; et  

bronchiseptica ( Bemis and Kennedy ,  

a l . 

1 98 1 ) ,  

1 977 )  and 

Haemoph i l us 

Bordete l l a  

i n fluenza 

( Den n y , 1 974 ) , Corynebacterium d iphthe r i a  ( Baseman and Col l ier , 1 974 ) , 

Mycoplasma pneumoniae ( Hu ;  et  a l . 1 976 ) ,  and Mycoplasma 

f!!al l i septicum ( Takagi and Arakawa , 1 98 0 )  and recent l y  M .  

ov ipneumoniae ( Jones ; et a l . 1 985 ) . Mycoplasma cell  e x tract 
- -

( Chandler and Bar i le , 1 980 ) , Neisser i a  f!!Onorrhoeae and gonococcal 

endotoxin  ( Mardh ; et al . 1 97 9 ) ,  certain chemicals ( Asmundsson ; et  

al . 1 973 ; Dahlgren and Dale n , 1 972 ; Mossman ; et al . 1 97 7 )  and avian  
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et al . 1 97 8 )  have also been 

observed to inhibit  c i l i a r y  activity of respiratory epithe l i a l  c e l l s  

i n  v itro . However , to e xert the ir c i l iostatic effects in  v i vo ,  they 

e i ther must be present in l arge preformed quantities  or must first  

overcom� the  cleansing e ffect of the  mucoc i l i ar y  apparatus and 

rep licate to a density that i s  suffi cient to produce the c i l iostatic 

effect . � v itro exper iments have shown that epithe l i a l  attachment i s  

no t necessar i l y  a precond ition to c i l iostasis , a lthough the l ater 

con d i t ion may be promoted by bacterial  attachment to the c i l i a  ( Bemis 

and Kenned y ,  1 98 1 ) .  Amon g  the above mentioned organi sms , only  �· 

pne umon i ae , �· gal l ise.p.ticumr -�· - - per-t.us S-:i:&--- aoo-- _!!.- - -bro-neh-isepti c a ­

have been shown to have the abi l ity  to attach to the c i l i ated part o f  

the respiratory epithel i um b y  a spec i a l i sed structure . The results o f  

the present studies have shown that both B .  parapertuss i s  and M .  

ov ipneumoniae are capable  of  attaching to c i l i a  and producing 

c i l iostatic effects in  the ovine  respiratory tract . 

Pasteure l l a  haemolytica  and N .  catarrhal i s  have also been 

commonly  isolated from the naturally-occurring cases of CNP in  sheep 

( Al ley , 1 975b ; Jones ; et  al . 1 978 ) . In  the present studies both 

organi sms produced c i l i a r y  i nh ibition and epithe l i a l  cell  in jury o f  

ov i n e  tracheal cultures a lt hough both organisms fai led t o  attach to 

the c i l iary  system . The degree of  c i l iostasis and epi thel i a l  cell  

inj u r y  observed was closel y  related to  the v iabl e  n umbers of  these two 

orga n i sms in  the organ c ulture med i um 

haemolytica  and N .  catarrha l i s  attained 

and occurred when P .  

t i tres o f  + 1 09 CFU/ml and 

�1 08 CFU/ml respectivel y .  Although both o f  these organi sms behaved in  

simi l ar manner i n  organ culture and  produced s imilar  c ytopatholog ical  

changes , P .  haemolytica  was more destruct i ve than �·  catarrhalis  and 

produced a complete loss of the epi the l i a l  layer , exposing the 

basement membrane beneath . In  both cases the mucosal  d amage occurred 

as a result of the extrusion of  epithe l i a l  cel l s . Sloughed cel l s  were 

obs erved to be free of  adherent bacteria , which ind icated that d irect 

assoc i ation between bacte r i a  and cells was not necessary  for s loughing  

to  o ccur . 

These results are simi lar to the finding of  Denn y  ( 1 974 ) and 

Johnson ; et al . ( 1 983 ) who studied Haemoph i lus i nfluen za infecti on 

in  v itro . Denny  ( 1 974 ) noted that ster i l e  supernatant fluids from 

in fected organ cultures contained a soluble factor that c aused loss of 
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c i l i ar y  act i vity  when transferred to fresh organ cultures . He 

partially  characteri sed the soluble toxic  factor present and suggested 

that i t  might be H .  influenza endoto x in . I t  i s  i nteresting to note 

that ster i l e  supernatant fluid from fal lopian tube organ cultures 

i n fected with Nei sser ia  gonorrhoeae s i milarly  cause loss o f  c i l i ar y  

activity  and s loughing o f  epithe l i a l  cel l s  when trans ferred to fresh 

organ cultures ( Melly ; e t  al . 1 98 1 ) .  Gregg ; et al . ( 1 9 8 1 ) have 

shown that the active factor i n  such supernatant fluid i s  gonococcal  

l i popol ysaccharide  endoto x i n . 

I n  the present study , �· parapertus s i s  \o{as _ _  t_he_ . o_rgan_ism _ _ wll:i_c}1 _ 

produced the earliest c i l iostatic e ffec t . Bacterial  t i tres  o f  + 1 05 and 

+ 1 07 CFU/ml produced rapid  attachment and marked c i l i ar y  i nhibition  

w i thi n 1 to  3 hr of incubation . Lower titres showed very l ittle  

c i l iary attachment although they d i d  p roduce c i l iostatic effect withi n 

6 to 7 hours  after incubation . Cytopathic  changes due to B .  

parapertus s i s  a t  high t itres (�1 07 CFU/ml ) were detected as early a s  5 

m i n  pi  and complete c i l iostas i s  as early  as hr . The earl iest 

c i l iostatic e ffects previ ous ly  reported in  the l iterature occurred 3 

hr  after i ncubation with B .  bronchiseptica i n  canine tracheal organ 

c ultures , although this organ i sm produced some detectable changes i n  

the c i l iary  activity  within 5 min ( Semi s  and Kennedy , 1 98 1 ) .  Muse ; 

et  al . ( 1 979 ) have found that c i l i ar y  i nacti vation with � · pertu s s i s  

i s  dose dependent although a fter 1 2  hr  pi  there was l i ttle  d i fference 

between the effects of inocula conta i n i ng �1 05 or + 1 07 CFU/ml . The 

mechanism responsible for produci n g  c i liostasi s  i n  bordet e l l a  

i n fection i s  as yet unknown . I t  i s  possible that t h e  c i l iostatic  

properties  o f  the Bordetella  organ i sms are  an  energy dependent 

. par a s i t i s m .  C i liary  act i vi t y  i s  an energy dependent mechanism and the 

en zymes responsible  for the energi zing  process are h i ghly membrane 

associ ated ( Bemi s  and Kenned y ,  1 98 1 ) .  I t  i s  possible  that the energy 

required for bacterial  growth could be  derived from the cellular  

metabo l i sm o f  c i l i ated cells  ( Iida  and Aj iki , 1 97 5 ) . The  release of  

large amounts o f  extracellular  adenyl cyclase ( Hewlett ; et  al . 1 977 ; 

Endoh ; et al . 1 980 ) from c i l i ated c e l l s  closely assoc i ated with 

Bordete l l a  organisms would  tend t o  support t h i s  hypothesi s . Thi s  

wou ld explain  why the c i l iostatic  effect i n  the present study was 

d ir ectly  proportional  to the v iable number o f  organ i sms in the med ium . 

Att achment may s t i l l  occur without c i liostasi s  and Bemis and Kennedy 

( 1 9 8 1 ) observed that heat and formal i n  k i l l ed B.  pertuss i s  organi sms 
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att ached to c i l i a  o f  the canine tracheal  epithel ium . These 

inactivated organi sms and their  endoto xin  fai led to cause c i l iostasis  

or a s igni ficant reduction of  beating frequency .  

I f ,  as the present study suggests , �· parapertuss i s  organ i sms 

read i l y  produce patholog i c a l  changes in  the ovine respiratory tract , 

i t  i s  possible  that these o rganisms may have a role i n  the aetiology 

of CNP  in  sheep . The organ i sm has not been prev ious ly  recognised as a 

pathogen o f  the ovine respi ratory tract e ither i n  New Zealand or 

overseas . One of the reasons for this has been the d i fficulty in  

isol ating the o rgani sm .. . from _ _ _ the  _ lung_parenchyma . _ _  The_-Ilresent_s.tud.y_ _ 

showed that it  i s  a spec i fi c  colon i ser  o f  c i l i ated epi thel ial  c e l l s  

and may therefore have a role i n  reducing mucoci l i ar y  c learance and 

allowing coloni s ation of the lower respiratory tract by more 

des tructi ve organ ism such as P .  haemolyt ica . Alternati vely the 

org a n i sm may have a role in prolonging ex ist ing respi ratory i n fect ion 

by i nterfering with lung c l earance mechani sms . It  has been suggested 

that the pro longed coloni sation of the respirator y  tract by B .  

bronchi septica i s  due to spec i f i c  attachment to the c i l i a  ( Semis and 

Kenned y ,  1 98 1 ) .  Further wor k  on the pathogenes i s  o f  B .  par apertu s s i s  

in  t h e  respiratory tract o f  sheep i s  therefore necessary  together with 

i n fo rmat ion on the prevalence of the organism i n  both normal and 

pneumonic  sheep . 

Mycoplasma ovipneumo n i ae 

establ i shed attachment t o  

t i tres o f  

c i l i a  within  

+ 1 08 CFU/ml 

and produced 

c i l iostatic effect 1 3 ,  20 and 27 hr r especti vely a fter attachment .  

The lowest titres  o f  + 1 02 C FU/ml showed no c i l i ary attachment although 

the y produced c i liostasi s  36  hr after i noculat ion . These resu lts 

clearly  demonstrate the abi l ities  of �· ovipneumoniae to produce both 

tis sue i nj ur y  and c i l iostatic  effects . Similar effects have recently  

been  observed with M .  

organ culltures by Jones ; 

o v i pneumoniae  i n  caprine and ovine  tracheal 

et al . ( 1 98 5 )  al though these authors d i d  

not describe u l trastructura l  stud ies . In  the present i nvestigation i t  

was found that the organism  attached to c i l i a  by means o f  speci a l ised 

p i l i -l ike structures within 1 hr o f  i ncubation and produced complete 

c i l iostasis  as early as 1 3  hr i n  FM4 medium and 30 hours i n  T 1 9 9 .  The 

ear l iest  c i l i ostatic effects previously reported with other 

mycoplasmas occurred 48  - 7 2  hr a fter i noculation with  M .  pneumoniae  

( Co l l ier ; et a l . 1 96 9 ) . Observations on M .  pneumoniae  i n fection in  



v itro  strongl y  suggested 

to respi ratory epithe l i a l  

production ( Collier  and 

1 5 9  

that the a b i l i ty of  this organism to attach 

cells  

Baseman , 

i s  a prerequ i s i te 

1 97 3 ) . Hu ; et al . 

for d i sease 

( 1 976 ) have 

publi shed data ind icating that intimate contact between M .  

and the respi ratory  epi the l ium alone does not account 

pneumoniae  

for the 

subsequent interruption o f  host cell macromolecular s ynthesis  and the 

resulting tissue cytopathology .  The i r  observations support the 

concept that �· pneumoni ae i n fection i s  a two-step process ; internal 

and spec i fi c  attachment . The metabolic  alterations and other 

cytopathology that follow the i n i t i al parasi te-host cell i nteraction  

appear to  result  from the  multipl icat1on o f  mycoplasmas accompanied - by  

pos sible  membrane perturbat ion , nutr i tional par a s i t i s m ,  and/or 

int roduction of  certain t o x i c  factors into sen s i ti ve cells . The l as t  

poi nt i s  substanti ated b y  the observation that decreased u p  take o f  

metabol ic precursors ; such as galactose , orot i c  acid and amino acids ; 

by host cells  can be prevented by add ition o f  erythromycin , whi ch 

inh i b i t  prote i n  sysnthe s i s  by  mycop lasmas ( Hu ; et al . 1 975 ) or by  

shi ft ing tracheal r ings to  a nonpermissive med ium at early  and 

intermed iate stage of i n fection ( Hu ;  et  al . 1 976 ) .  

Although �· ov ipneu mon iae was the s lowest of the four organ i sms 

test ed in producing a pathogenic  effect , it nevertheless attached 

strongly to the c i l i a  o f  the tracheal epithelium within 1 hr o f  

inoculation . Thi s  suggests  the organism may have a particular 

aff i ni ty for c i l iated e p i thelium and may explain  why it is the most 

common organ i sm isolated from ovine  lungs and a rapid coloniser  of  the 

nas a l  cavity ( Alley and C larke , 1 979 ) . 

Exfol i ation  of  c i l i ated epithe l i a l  cells  was seen i n  the later 

stages of  infect ion w i th all four organi sms used in  this  

invest igation , Thi s  has  been described previous l y  i n  i n fections with 

M .  pneumoniae ( Muse ; e t  al . 1 976 ; Murphy ; e t  al . 1 980 ) , �. 

pertussis  ( Muse ; et al . 1 977 ) , rh i novirus and  parainfluenza  v irus  

( Reed and  Boyde , 1 972 ) . I n  the present study e x foliation  appeared to 

ar i s e  mai nly  from loss of attachment between cells  lateral or beneath 

the affected cell . The damaged c e l l s  showed swelling  of  organelles  

and  e xtruded into  the lumen , leaving a space which was covered by  

elongation of remaining  cel l s . Thi s  mechani sm i s  d i fferent from the 

process  of c i l iocytophthor i a  whi ch has been described previously with 

M .  pneumoniae ( Muse ; et  al . 1 976 ; Murphy ; et al . 1 980 ) and some 
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chemicals ( Asmundsson ; et  al . 1 97 3 ; Dahlgren and Dalen , 1 972 ; 

Mos sman ; et al . 1 977 ) . Although the mai n  mechanism  of  cel l loss was 

ex trusion a process simi lar to c i l i oc ytophthoria  was observed to some 

extent in  P. haemolyt i c a  and N .  catarrhalis  i n fections . 

The cytopatholog i c a l  changes demonstrated i n  the d i fferent 

sur face epithe l i a l  cell s  were not present in  e xposed basal cel l s . I n  

thi s and prev ious studi e s , i t  h a s  been noticed that basal  cel l s  o f  

tr acheal  epi thelium take on a flattened , squamous appearance a fter 

s lo ughing of surface epi the l i a l  c e l l s  ( Murphy ; et a l . 1 980 ) . Basal 

cel l s  of the respiratory epithe l i um are known to oe resfstant to v irus 

( Cr a i ghead , 1 968 ) and part iculate mater i a l s  ( Mossman , 1 977 ) ,  suggesting  

that  this  process may be a protect i ve mechanism . 

The present study con firms the value o f  the tracheal organ 

culture system as a means of  assessing  the relative pathogenicity  o f  

organisms whi ch colonise  the o v i n e  respirator y  t ract . I t  has shown 

tha t  both M .  ovipneumoniae  and B .  parapertussis  act  by i n i t i a l l y  

attaching t o  c i l i a  and then prod ucing cytopatholog ical lesion s . 

Although f. haemolyt i c a  and N .  catarrh a l i s  do not attach , they can 

nevertheless produce severe destruct ive  changes in epithe l i a l  cel l s . 

Thes e  invest igations have not prov ided i nformation on the mechani sms 

of  m ixed i nfections or i nteractions i f  any which may occur between 

orga n isms i n  the ovine  respiratory tract . The techni ques used 

however , would be highly  sui table for future studies of  this type . 

It  i s  c lear that current organ culture method s have been refined 

to the point  where the d ata obtained can provide  valuable analyses of  

the parameters which govern the  properties  o f  t issues . Nevertheless , 

it  i s  evident from the forego i ng d iscussions that further research i s  

necessary before organ culture can b e  used with maximum efficiency 

withi n  the intrinsic l i m i tations o f  the system.  
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CHAPTER 7 

GENERAL DISCUSSION 

The response of the respiratory tract to i nj ury and the 

resu lting  patterns of d i sease are determined largely by the normal 

structure and function of the t issue in the species  i nvolv ed . The 

morphological study of normal ovine lung undertaken in Chapter 2 w i l l  

s e r v e  a s  a usefu l  b a s e  for future studies  o f  respiratory pathology i n  

sheep . The normal ovine  lung was -shown to have two- impor-tant --feature s­

which  may affect its suscepti b i l i t y  to i n j ur y .  These  are ; a relati ve 

pauc i ty o f  the pores  o f  Kohn and the presence of smal ler numbers of  

alveolar macrophages than  that  observed i n  o ther species . 

In  the ovine l ung , collateral vent i l at ion i s  l ikely to be 

severely l imited because of  the scarcity of  i nteralveolar pores . Thi s  

feature of  ovine l u n g  m a y  be associated w i t h  the commonly observ ed 

areas of  peribronchiolar  alveolar  col lapse which are characteristic  of  

e a r l y  cases  of subacute and  chron i c  pneumoni a ( Alle y ,  1 975b & Pfeffe r ; 

et al . 1 983 ) . I f  a small  a irway i s  blocked and the gas d istal to i t  

i s  n o  longer in continuity  with the inspired gas , the air  space will  

col lapse . The degree to  whi ch this occurs w i l l  depend on the s ite of  

the  obstruction and the  number of bronchiolar-alveolar  anastomoses 

present in the affected area . Vascular perfusion to such an area wi l l  

b e  reduced due to a physiological  shunt ( Woolcock & Macklem , 1 97 1 ) 

resulting in poor ox ygenation of  tissues which may make them suitable 

for microorgan ism pro l i feration . The degree of col lateral vent ilation  

shows marked species  v ar i at ion depend i ng on the development of 

inter  alveolar pores and i nterlobular septa . The lungs of p i gs 

( Woolcock & Macklem , 1 97 1 ) and cattle ( Mariassy ; et  al . 1 97 5 )  are 

highly  lobulated with few i n teralveolar pores and there is therefore a 

l imited collateral venti lation ( Woolcock & Macklem , 1 97 1 ) .  Ovine lung 

appears to fol low closely  the design of  bovi n e  lung . 

Whether or not alveolar col lapse follows obstruction will  depend 

on the s i ze of  the a i r way  obstructed and the degree of collateral  

venti lation . Complete blockage of  lobar or segmental bronchi i s  

necessary for alveolar  collapse i n  the d o g  ( Woolcock & Macklem , 1 97 1 ) 

and cat ( Howard & Ryan , 1 982 ) , where collater a l  vent i l at ion i s  
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exten s i ve . Blockage of small bronchi or e ve n  bronchioli  c a n  result i n  

alveolar collapse i n  pigs ( Woolcock & Macklem , 1 97 1 ) and cattle 

( Mar i assy ; et al . 1 97 5 )  where there i s  insign i ficant collateral 

venti lation . The lungs o f  sheep are recog n i sed as being parti cularly  

prone to alveolar col l apse ( Dungworth , 1 985 ) .  Alveolar collapse is  

more l ikely  to  develop i n  dependent l ung reg ions where  e xper imental l y  

produced G N P  lesions a r e  observed ( Al ley & C larke , 1 979 ) . 

The second sign i ficant morphological feature observed was the 

rar i t y  of  macrophages in alveolar  spaces . Similar observations have 

been reported in  cattle  ( Mar i assy ; e t  al . 197-5 ; -- Rybicka ; . et a l . -

1 974a ) ,  and as prev ious l y  suggested this could be a character i s t i c  

feature o f  the ruminant lung . Rybicka ; e t  a l  ( 1 974a & b )  obser v ed 

numerous cells  i n  the pulmonary cap i l laries  o f  normal calves whi ch 

they suggested , on the basis  o f  ultrastructual character istics  and 

ev idence of phagocyt i c  

rathe r than monocytes .  

capab i l i t y ,  were " intravascular macrophages " 

Mar i assy ; et � · ( 1 975 ) speculated that the 

the low numbers  of alveolar macrophages and relat ionship between 

abund ance of cells  hav ing the features of macrophages within pulmonary 

cap i l l a r i e s  in cattle  was  not fortui tous . That i s  to say , the  

intra vascular cell s  might represent a recrui table pool  o f  macrophages 

able to compensate for the scarci ty of  resident alveolar  macrophages .  

Although this feature has yet to be investigated i n  the ovine lung , 

the i ntr avascular macrophages described by Rybicka ; et al  ( 1 97 4 a )  

cou ld represent the i ntermedi ate lung maturation compartment proposed 

by Bowden ( 1 97 1 )  i n  whi ch monocytes undergo d i fferentiat ion i nto 

funct ional  alveolar m acrophages . 

Alveolar macrophages i n  other species , apart of cattle and sheep 

common l y  l ine alveo l i  and are therefore the first i mmunolog ical l y  

competent cel ls  t o  encounter i nhaled pathogens . Although the actua l  

phys ical  removal of  particles from alveol i  i s  relati vely i nefficient , 

compared to particle removal fol lowing  deposition on the mucoc i l i a r y  

blanke t , i t  i s  wel l known that the ster i l it y  o f  alveo l i  i s  mainta i ned  

by the  ab i l ity  of  a lveolar macrophages to  k i l l  ingested bacteria and  

to  secrete interferon ( Dungworth , 1 985 ) .  The l imitation o f  collateral 

ven t i l at ion and the r a r i ty of  a lveolar macrophages would therefore put 

the ovine lung in  a d i sadvantageous position  with respect to alveolar  

collapse and  to  resistance to  aerogenous bacterial infect i on . 

• 
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The morphological and morphometr i cal studies  descr ibed i n  

Chapter  3 and 4 respec t i vely  confirm that the tracheobronchial  

epithel ium of sheep a ffected with CNP undergoes extensive structural 

changes . The mos t  striking changes were the severe d amage to the 

c i l i ar y  blanket and the i ncrease in epithelial  thickness throughout 

the tracheobronch i al a irways . Although t hese changes were most severe 

in per ipheral ai rways in  advanced lesions , early lesions showed marked 

changes in the upper tracheobronchial  airways . I n  subacute and 

chronic  pneumonia  the ear liest  changes observed by Alley ( 1 975a ) were 

peribronchiolar alveolar  col lapse , the accumulation o f  small number s  

o f  macrophages in  alveolar spaces and m i ld thickening of  alvee-la!'!­

septa with mononuclear cel l s . He noted that these changes were o ften 

accompanied by mi ld  hyperplasia  of  the terminal bronchiolar epithelium 

and the infiltration of  smal l  numbers of  n eutrophils  i nto the l umen of 

bronchioli  and alveolar ducts . Although Alley ( 1 975a ) poi nted out the 

i mportance of the tracheobronchial  tree i n  influenc i ng the course  of 

subacute and chron ic pneumon i a ,  he d i d  not examine the 

tracheobronchial  a irways in detai l .  Pfeffer ; et  al . ( 1 98 3 )  e xamined 

the lungs from lambs selected at random from a property in Hawkes Bay 

and found smal l lesions con s i sting mai n l y  of alveolar collapse in the 

anter ior  lobes . They were i ncreasingly common from November onwards 

and occured well be fore the onset of CNP in  March . Although Pfe ffer ; 

e t  al . ( 1 983 ) fai led to isolate v iruses , mycoplasmas or bacteri a  from 

these lesions it i s  possible  that thi s  early  alveolar collapse may b e  

d ue t o  a previous ly e x isting  tracheobronchiti s ,  s ince these ai rways 

were not examined . The present study has shown there is severe 

involvement of the tracheal epithelium from an early stage . Thi s  

suggests that CNP may begi n  a s  a tracheobronchitis  before extend ing  to 

i nvolve· more peripheral a irways . 

Little attention has previous ly been paid to the submucosal 

glands of the tracheobronchi a l  ai rways in normal and pneumoni c  lamb s . 

The present invest igation aimed not only  at  assessing the presence and 

degree of submucos a l  gland enlargement but also at  ident i fying the 

structure involved and its d i str ibution at var ious levels of the 

tracheobronchial a i rways ( Chapter 4 ) . The data obtained• from 

pneumonic  lesions showed there  was submucosal g land enlargement at a l l  

l e v e l s  of the tr acheobronchi a l  a irways . Similar changes have been 

observed in pigs with enzootic  pneumonia  experimentally ind uced by  

inoculation of Mycopl asma hyorh i n i s  ( Ba sker v i lle , 1 972 ) . I n  the 
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present study i t  was found that gland e n largement was due to both 

hypertrophic  changes and an i ncrease in the number of  aci n i  per g land . 

Thi s  submucosal gland enlargement was more severe i n  advanced than 

earl y  pneumonic lesions . These  changes and  

two stages of pneumonic  les ion reflect 

nature of  CNP , s i n ce hypertrophic  changes 

d i fferences between the 

the chronic prol i ferative  

occur more commonly with 

chronic  respiratory d i seases such a s  enzootic pneumo n i a  in pigs  

( Basker v ille , 1 972 ) and  chroni c  bronch i t i s  i n  man ( Dunn i l l , 1 982 ) . 

The s ubmucosal gland g lycoproteins  were a l so identi fied 

hi stochemically ( Chapter 5 ) .  Quantitative  analysis of  the mucus cells  

showed that in  the  glands from- pneumonic  s heep-r· t-he---peFee.R-tage-o-f- the-- · 

aci d  glycoprote i n  was i ncreased when compared to normal sheep . This 

change may be advantageous and hel p  in  the resistance and inhibi tion 

of  viral  i nfections o f  the respiratory tract as prev ious ly d i scussed 

( Chapter 5 ) . 

The role of  c i l i a  in  pulmonary clearance mechani sms and defense 

of the respiratory tract against infectious d i sease is wel l  known 

( Chapter 1 ) .  I n  the present study it  was found that loss o f  c i l i a  in  

the early  pneumo n i c  lesions  was more  severe than that observed i n  

advanced lesions ( Chapter 3 ) . Thi s  damage and loss of  c i l i a  would be 

expected to decrease marked l y  the resi stance of  the respiratory tract 

to pathogenic microorgan i sms and effectively  depress the removal of 

particles  and mucus accumulated in the t racheobronchial l umen . These 

changes together with the i ncreased production of mucus b y  

hypertrophic  bronchial  submucosal glands ( Chapter 4 )  may wel l  be 

responsible for the blockage of the bronchiolar lumen observed in both 

the histological and SEM studies  of  advanced pneumonic  les ions . The 

possible  scarcity of pores o f  Kohn i n  the ov ine lung together with 

blockage of bronchi ol ar lumina  are l ikely to both hamper compensation 

for i nequal ities  of  ven t i lation and reduce the e fficiency of  

mechanical expulsion  o f  exudate . Accumulation of  exudate may  e i ther 

impair the combating  of an i ncipient bronchopneumo n i a  or prolong the 

resolut i on of  a fully  developed inflammatory process with the 

consequent producti on of a long standing prol i ferati ve les ion typical 

of natu ral l y-occurr i ng CNP . • 

Although large numbers of  bacte r i a  were found i n  close pro x i mity 

to c i l i a  in both early  and advanced stages of  CNP , mycoplasma were 

more regularly found amongst the c i l i a  particularly in earl y  lesions . 
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Thi s confirms recent work b y  Jones et al . ( 1 985 ) who found that a l l  

trachea l  organ cultures i n fected with M .  ovipneumoniae had clusters 

o f  organi sms in  close contact with their  c i l ia .  I n  the present study 

however , M .  ov ipn eumon i ae organi sms were  found to attach to c i l i a  by 

means o f  p i l i -like s tructures in both natur ally  occurring cases o f  CNP 

( Chapter 3)  and tracheal organ cultures ( Chapter 6 ) . Whether the 

p i l i -like  structures  have a function other than attachment remains  to 

be determined . The mechanism by which mycoplasma may exert  thei r  

e ffects on cel l s  from an extracellular  location i s  n o t  fu l l y  

understood . It  has been suggested that the generati on o f  peroxide  in  

close  proximity to  the  cel l membrane i s  o f  primary i mp�tance - � Conen & 

Somerson , 1 967 ) and organ culture experiments ind icate that at least 

some mycoplasmas inhibit c i l i ar y  act i vi t y  and can cause cellular 

damage , poss ibly  as a result of  perox ide production ( Chapter 1 ) .  

The common c l i nical  mani festations of  CNP , include 

trach i t i s  or tracheobronchi t i s  which i mplies that 

symptoms of  

the c i l i ated 

respi ratory epithel i um i s  i ntimately involved in the d i sease process 

from an early  stage . Animal models  prov ide the spec i a l s i ed mucosal  

cells  needed to  study the host-pathogen relationshi p  at  a cellular  

level , but analys i s  i s  comp l icated by a l ack of d i rect control over  

the  microclimate . The organ cu lture system used  i n  the present 

studies maintained v iable c i l i ated tracheal epithe l ium i n  which the 

e ffect of M .  ovipneumon i ae , f. haemolyt i c a , �· parapertuss i s  and !· 
catarrhal i s  infection could b e  observed i n  detai l  with both SEM and 

TEM . 

Of the four organi sms used it  was shown that only M .  

ov ipneumoniae and B .  parapertussis  have  an  affinity  for ovine  

tracheal epithe l i al cel l s . I n  organ  cultures they were able  to attach 

to c i l i a  and produce cytopatholog i c a l  lesions . Pasteurella  

haemolytica  and N .  catarrh a l i s  produced destructive  changes but 

fai l ed to attach to c i l i a . None o f  the l arge numbers o f  bacteri a  

observed o n  the c i l i ated epi the l i al sur face in  the tracheobronchial  

a i rways of  natur al cases  of  CNP , had the  dense , fuz zy ,  p i l i-like 

structures on the surface which were the typical of B .  parapertus s i s  

i n  organ culture . The r o l e  of  B .  par apertuss i s  i n  the ov ine 

respiratory tract has not yet been estab l i shed , but preliminary work 

has shown it  is  d i fficult  to isolate B. par apertuss i s  from pneumonic  

lung  and  it  i s  not  commonly present in  the nasal  cavity of  adult sheep 
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( Al l e y , 1 986a ) . Nevertheless , the present s tudy has demonstr ated that 

it  has the potent i a l  to be pathogeni c  in ovine tracheobronchi a l  

airways . Both P .  haemolytica  a n d  N .  catarrhal is produced lesions in  

tracheal organ cultures a lthough f· haemo lytica was more destruct i ve . 

Bot h  organisms fai led to show any  affinity  for c i l i ated cells . 

I n  general , the current studies have tended to reaffirm the 

importance of M .  o vipneumoniae a s  a respi ratory pathogen i n  sheep . 

The only  organ i sms wh i ch had both an  affinity  for c i l i a  and the 

abi l i ty to produce destructi ve changes in the respiratory epithe l i a l  

cel l s  were M .  ovipneumoniae a n d  B .  parapertussi s  a n d  �f these o n l y  

M .  ov ipneumoni ae h a s  been demonstrated i n  pneumonic  lung in  l arge 

numbers. The common arguement against M.  ovipneumoniae as a cause of  

CNP  in  lambs , i s  i t s  i solation from normal as  wel l as from pneumonic  

shee p  lung s ( Ionas ; e t  al . 1 98 5  & Pfeffer ; et al . ( 1 983 ) .  Thi s  

cou ld be explained by  the finding that many strains  o f  M .  

ov i pn eumoniae exist and these may have d i fferent pathogeni c i t i es 

( Jones ; et  al . 1 982b ; Ionas ; et �· 1 985 & Mew ; et �· 1 98 5 ) .  

An analogous s ituation may e x i s t  with regard to Mycoplasma 

hyopneumo ni ae which is now recogni sed a s  the main aetiological  agent 

of  chronic  en zootic pneumoni a  in p i gs ( Baskervi lle & Wri ght , 1 973 ) .  

Thi s  organism has recently been isolated from ( 1 2 % )  of normal p i g  

lun g s  i n  New Zealand ( Macpherson & Hodges , 1 985 ) . 

Epi d emiolog i c  and experimental ev idence ind icates that the 

important infectious bronchopneumonias  of  an imals usually develop only  

whe n  the balance is  t i pped i n  favour o f  d i sease by an i ncrease in  

number of pathogen i c  micoorganisms reachi ng vulnerable 

bronchiolar-alveolar regions o f  the lung or when pulmonary defense 

mechani sms are impai red ( Dungworth , 1 985 ) . It  has been shown that 

both M .  ovipneumo n i ae and P .  haemolytica  organisms reside i n  the 

nasal  cav ity of normal sheep , although younger lambs are not carriers  

( Alley , 1 975b ; Alley ; et a l . 1 975 & Ionas ; et � ·  1 985 ) . The 

finding by both Alley  ( 1 975a )  and Pfeffer ; et al . ( 1 983 ) that the 

sma l l  areas of alveo l ar coll apse seen in l amb lungs from as early  as 3 

mon ths of  age often fai l  to yeild microorgani sms i s  of  i nterest in  

thi s  regard . I t  has been  suggested b y  both these authors  that 

non-infectious agents may be responsible  for these  lesions whi ch 

subsequently become i nvaded by  nasal  organi sms . 
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Viruses have been neglected i n  the present study . Par ainfluen za 

type 3 v i rus , adenovirus and RSV have been i solated from sheep in New 

Zealand and overseas ( Chapter 1 ) .  The i r  use  as initi ating agents for 

acute exudat i ve pneumoni a  in sheep i s  well establ ished , however 

e v idence of  direct viral  i nvolv ement i n  CNP  of  lambs i s  minimal . I n  

t h e  present study a l arge number of  t h i n  sections from d i fferent 

levels  of tracheobronchi al epi thel ium wer e  examined by TEM , but no 

pathological  ev idence of  virus i n fection , such as 

i nclusion bod ies were observed . 

intracellular 

I n  the light of  these possi b i l i ties , future studies on CNP in  

New Zealand  might be pro fitably d i rected toward the  interaction of  

d i fferent strains  o f  M .  ovipneumoni ae ,  P .  haemolytica and B .  

parapertu s s i s  in  tracheal organ culture . By combining  the information 

obtai ned from organ culture , e xperi mental animals and observation of  

the  natural  di sease , the chances of  gaining the  i n formation needed to 

understand the pathogenes i s  of CNP  appear to be good . There  is s t i l l  

an obvious need for information on the nature and d istribution of the 

m icroorga n isms in the respiratory system of sheep and the present 

study suggests that trachea and bronchi o f  early pneumonic lesions and 

the bronchioli  of advanced lesions are areas worthy of  spec ial  

attentio n . 

The pathogenes i s  o f  CNP i n  l ambs in  New Zealand remains  

i ncompletely understood , due  in  part  

available  on the biology of  the major 

to the l imited i n format ion 

microorganisms i nvolved . The 

appl i cation of experimental models  to analyse o f  the host-pathogen 

i nterac tion wi ll  therefore conti nue to be a fru i t ful means of 

i nvestigation . 

• 
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P ar a formaldehyde 

Gluteraldehyde 

Na2HP04 . 1 2H20 

KH2Po4 

M ETHOD 

• 

APPENDIX 2 . 1 

MODIFIED KARNOVSKY ' S  F IXATIVE 

2 . 0  gm 

1 2 . 0  ml 

2 . 5 1  gm 

0 . 4 1  gm 

A )  Heat the paraformaldehyde ( 2 . 0 g i n  8 0  mls d i s t i l l ed water ) to 

between 60 and 80°C .  

B )  Slowly add 1 . 0N NaOH , dropwi se unt i l  the soluti on clears . 

C )  Add the buffer salts  ( Na2 HP04 . 1 2H20 )  and gluteraldehyde . 

D )  Make up the solution to 1 00 mls at 4°C • 

APPENDIX 2 . 2  

OSMIUM TETROXIDE 

Osmium tetrox ide was made up as a 1 %  aqueous solution i n  0 . 1 M  

phosphate buffer and  kept i n  a dark bottle . 

APPENDIX 2 . 3  

STAIN I NG TECHNI QUE FOR TEM SECTIONS 

SOLUTIONS 

URANYL ACETATE 

The stain  was made by adding uranyl acetate 

ethanol until  s a turation point was reached , 

intermittently  for 5 to 1 5  minutes . 

crystal s  

then 

to 50%  

shaking 



LEAD CITRATE 

Pb ( N0 3 ) 2 
Tri sodium citrate 

�istilled water 

1 . 33 gm 

1 . 76 gm 

30 . 00 ml s ,  then 50  ml s 

The i ngred ients were shaken for 30  min . The solution was cleared 

by the add ition o f  8 ml 1 . 0N NaOH . Dilut i on was made to give  a final  

volume o f  50 ml s which  was  filtered and  stored at 4°C .  

METHOD 

A )  Using a pipette , p l ace in a petri d i sh as many drops of the uranyl 

acetate and lead c i trate solutions as the r e  are gri d s .  

B )  R inse  the grid with 50% al cohol . 

C )  Float the grid w i th section side down o n  a drop o f  uranyl acetate 

for 6 min . 

D )  Transfer the grid to a d i sh containing  5 0 %  alcohol , r inse thoroughl y 

and gently  with 50%  al cohol and then d i st i lled water . 

E )  Float the grid with section s i de down on a drop o f  lead citrate for 

6 min . 

F )  R inse the grid with d i sti l led water , dry and store for TEM 

examin ation . 
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B = 

BR = 

E P  = 

F-R = 

G 1  = 

G2 = 

G 3  = 

GP = 

I P  = 

L 1  = 

L2  = 

L 3  = 

L4  = 

L 5  = 

L 6  = 

NS = 

p = 

P <  = 

R = 

RB = 

SE = 

• 

LIST OF THE ABBREVIATIONS USED I N  THE 

STATISTICAL ANALYSIS APPENDICES 

BLUE 

BLUE-RED 

EXTRA PULMONARY 

F-RATIO  

NORMAL ANIMAL GROUP 

EARLY PNEUMONIC GROUP 

ADVANCED PNEUMON IC GROUP 

GLYCOPROTEIN 

INTRA PULMONARY 

UPPER TRACHEA 

LOWER TRACHEA 

EXTRA PULMONARY B RONCHI 

INTRAPULMONARY B RONCHI 

SMALL BRONCHI 

BRONCHIOLI 

NOT SIGNIFICANT 

PURPLE 

PROBABILITIES 

RED 

RED-BLUE 

STANDARD ERROR 

THE KEY FOR DUNCAN ' S  A NALYSIS :  NO  SIGNIFICANT D I FFERENCES 

BETWEEN THE U N DERLI NED VALUES 
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APP��D!X 4 . 2 :  OUNC A S ' S  STATISTICAL 

A P P E N D I X  4 . 1 :  H E A N  THICKNESSES OF THE HCP.MAL C'I I N E  

MUCOSAL 

LAYERS 

E?ITH<LIUM 

SUB.�UCOSA 

HUCOSA 

A N A L Y S I S  

TRACHEOBRON C H I A L  MUCOSAL LHERS 

�EAN TH! CKNESS IN  H I C ROMETRES ( um ) 
L t L2 LJ L4 L5 L6 SE f-R P< 

ij 1 . ]  3 3 . 8  27 . 6  2 4 .  ij 2 3 . 8  1 ] . 0  2 . 5  1 5 . 3  0 . 00 1  
4 1 5 . 5  246 . ]  1 6 3 . 0  1 06 .  6 5 1 . 7  1 5 . 6  20 . 2  52. 9 o . co t 

4 56 . 8  280 . 1 1 90 . 6  1 3 1 . 2  75 . 5  2 8 . 6  t 9 . 9  6 t . J  o . c� t  

O f  THE A P ? E N O : X  4 . 3 :  Qlj N C A N  t S ST�TISTICAL ANALYS!S  OF T H E  

TUCHEOBRCSCH!AL MUCOSAL T H I CKNESS AT TRACHE08RONCHI AL ��CCSAL THiCKti�SS AT 

D I F F E R E N T  LEVELS OF NORMAL S H E < P  L�NGS 
D I F F E R E NT LE'IELS OF EHLY PNEVHONg L E S ! OSS 

AT S S  PRC7oCT ! ON LE'IEL 
AT SS ?ROECTICN LoVEL 

EPlTHEL!UH 
EPITHEL!UH 

L6 L5 L4  L3 L2 L 1 L6 L5 L3 L4  L2 L t  

1 3 . 0  23 . 8  24 . 4  27 . 6  3 3 . 7  4 1 . 3  24 . 9  3 4 . 4  ) 5 .  3 36 . 3  4 0 . 7 7 5 . 0  

SUE�UCOSA 
SUB�UCOSA 

L6 L� L4 L3 L 2  L 1 L6 L5 L4 L3 L2 L t 

1 5 . 6  5 1 . 7 1 06 . 9  1 6 3 . 0  2 4 6 . 3  4 1 5 . 5  34 . 1  8 4 . 0 1 87 . 9  256 . 2  3 4 9 . 7  5 1 7 . 9  

MUCOSA 
MUCOSA 

L6 L5 L4 L3 L2 L 1 L6 L5 L4 L3  L2 L t  

2 8 . 6  - 75 .-S. - - -1 ) 1 ..2---- --1 90 . 6  2 8 0 . J  . 4 56 . 8.  58 • •  1 1 8 . 4  224 . 0  29 1 . 5 389 . 6  594 . 5  

AT U PROTECTION LEVEL 
AT U PROTECTION LE VEL 

EPITHELIUM 
EP !THELIUM 

L6 LS L4 L3 L 2  L t  L6 L5 L4 L3 L2 L 1 

1 ) . 0  23 . e  24 . 4  27 . 6  3 3 . 7 4 1 . 3  24 . 9  3 4 . 4  35 . 3  36 . 3  4 0 . 7  75 . 0  

SUBMUCOSA 
SUB.�UCOSA 

L6 L5 L4 L3 L2 L t L6 LS L4  L3 L2 L 1  

1 5 . 6  5 1 . 7  1 0 6 . 9  1 6 3 . 0  2 4 6 . 3  4 1 5 . 5  3 4 .  1 84 . o  1 87 . 9  256 . 2  3 4 9 . 7  5 1 7 . 9  

�UCOSA 
MUCOSA 

L6 L5 L4 L3 L2 L 1 L6 L5 L4 L3  L2 L 1 

2 8 . 6  7 5 . 5  1 3 1 . 2  1 9 0 . 6  280. 1 456 . 8  58 • •  1 1 8 . 4 224 . o  29 1 . 5 28 9 . 6  5 9 • .  5 



APPEN D I X  � . � :  ME A N  THICK��SSES Of THE TRACH�Oo , O H C H J A L  

MUCOSAL LAYE�S O f  EA�LY PNE�MON!C LESIONS 

• 

MUCOSAL HEAS T�!CKNESS IN H ICRCMETRES (um)  

LH�RS L 1 L 2 L 3  L - LS L6 SE f-R P <  
E P I THELIUM 75 . 0  • o .  1 3 5 .  3 36 , J  3" . - 2• . 9 6 . 8  6 . 5  0 . 001  

SUBMUCOSA 5 1 7 . 9  3 " 9 .  7 256 . 2  1 87 . 9  a •  . o  3 • .  1 5 9 . 9  9 . 5  0 . 00 1  

HUCOSA 5 9 � .  5 389 . 6  29 1 . 5  zz• . o  1 1 8 • •  5 8 . 4  6 2 . 7  9 . 6  0 . 0� 1  

A P P � N D ! X  4 . 5 :  DUNCAN ' S  STATIST I C A L  A N A L'!S!S 

Of THE T�ACHE09ROSC H I A L  HUCOSAL 

APPEN C ! X  o . 6 :  T H E  MEAN THICKNESSES O f  THE TRACHED:P.C N C H ! A L  

HUCOSAL L A Y E � S  O f  ADVANCED ?NEUHONIC LES:�NS 

TH ICKNESSES AT DiffER ENT LEVELS 

Of ADVANCED PNEU�O N I C  L ES IONS 
HUCOSAL HEAN THiCKNESS IN H I C ROMETRES ( um )  

LAYERS L1 L2 L3 L4 L5 L6 SE f-R P <  

A T  5' ? �OTECTI0N LEVEL 
E P ITEL!UM s� . 3 )6.  3 27 . s  4 , ,  D 5 2 . 6  O J .  3 7 .  7 1 . 7  NS 

SUOHUCOSA 66 1 . 8  33 3 . 5  26 1 . 5  2 3 4 . 2  1 3 3 - 5  6 2  . o  3 9 . 5  2 8 .  1 0 . �0 1  

�UCCSA 
EPITHE:.I�M 

7 1 6 . 8  369 . 7  289 . 0  278 . 1  1 86 . 1 1 05 . 3  39 . 0  29 . 7  0 . 00 1  

L 3  L 2  L 6 L4 L5 L 1 

27 . 5  36 . 3  4 3 . 3  � ij  . 0  52 . 6  s• . 3 

S�oMUCOSA 
APPEND!( 0,  7 :  COHPARATIVE STATISTICAL ANALYSIS 

L6 LS L4 L3 L2 l 1  
Of THE �P I T H E L I A L  THICKNESS 

62 . o  1 3 3 . 5  2 3 � .  2 26 1 . 5 33 3 . 5  6 6 1 . 3  
BET\IEEN NORMA L ,  E A R L Y  PNEUHONIC 

AND ADVANCED PNEUHON ! C  LESIONS 
HUCOSA 

L6 LS LQ L 3 L2 L 1 

1 05 . 3  1 86 . 1  278 . 1  28 9 . 0  369 . 7 7 1 6 . 8  
THICKNESS I N  H I C ROHETR ES ( um )  

A I RWAY LEVEL NORHAL E A R L Y  ADVANCED SE �-R P< 
AT U PROTECTION LEVEL 

PNEUHONIA PNEUHCNIA 
UPPER TRACHEA 4 1 . 3  7 5 . D  s • .  3 9 . 2  3 - .  NS 

EPI'!'HELIIJM 
LOWER TRACHEA 3 3 . 8  Q O .  7 36 . 3  " .  6 0 . 6  ss 

L3 L2 L6 L� LS L 1  
E P  BRCNCHI 2 7 . 6  3 5 - 3  27 . 5  ,4 . 3 1 .  1 NS 

27 . 5  36 . 3  4 3 . 3  � � .  0 5 2 . 6  5' . 3 
IP BRONCHI 2 • . •  3 6 . 3  4 3 . 9  6 . 0  2 .  7 NS 

SHALL BRONCHI 2 3 . 8  )4 , 0  5 2 . 6  5 . 6  6 . 7  0 . 05 
SUBHUCOSA 

BRONCHIOLI 1 30 24 . 9  0 3 , 3  5 . 6  7 . 5  0 . 0 1  
L6 LS LQ L3 L2 L 1 

6 2 . 0  1 3 3 . 5  23� . 2  26 1 . 5 33 3 . 5  6 6 1  . 8  

MUCOSA 

L6 L5 L4 L3 L2 L 1 

1 05 . 3  1 86 . 1  278 . 1 259 . o  369 . 7 7 1 6 . 8  



· - · · - -------

APP�ND I X  4 . 8 :  DUNCAN ' S  STAT!S1'!CAL ANALYSIS 

OF THE E P ITHELIAL THICKNESS OF 

NORMAL LUNGS, EARLY PNEUHONl C 

A N D  ADVANCED PNEUMONIC LESIONS 

A T  5l PRTECTION LEVEL 

U P P E R  TRACHEA C l  Cl C2 

4 , .  3 54 . 3  7 5 . 0  

LOWER TRACHEA · C l  C 3  C 2  

3 8  ) 6 .  3 4 0 . 4  

EXTRA PULHONA R Y  C l C l  C2 

BRONCH I 27 . 5  27 . 6  3 5 . 3  

I � i R A PULMONARY C l  C 2  C )  

eRONCHI 24 • •  36 . 3  4 �  . o  

SHALL B�CNCHI C l  C2 C) 
2 3 . 8  ) 4 .  4 '  5 2 . 6  

BRONCHIOLI
0 C l  C 2  C )  

1 ) . 0  2 4 . 9  a ) .  3 

AT 1 S  A S  WELL AS 5l PROTECTION LEVEL 

A ? P S N D ! X  4 . 9 :  COM P A R A T I V E  A N A L Y S I S  OF T H E  S U BMUCOSAL 

THICKNESS BEi:CEEN NORMAL LUNGS , E A R LY 

PNEUMONIC AND AOVANCEO PNEUMONIC LESIONS 

THICKNESS I N  M ! CROMETR E S ( u m l  

AlR�AY LEVEL NORMA� EARLY ADVANCED S E  F-R P <  

PNEUHON ! A  PNEUMONIA 

UPPER TRACHEA 4 1 5 . 5  5 1 1 . 9  66 1 . 8  70 . 5  3 .  2 NS 

LCWER TRACHEA 246 . 4  J b 9 . 7  3 3 3 . 5  5 6 . 6  1 . 1  NS 

EP BRONCHI 1 6 3 . 0  256 . 2  26 1 . 6  3 9 . 6  1 . 8  NS 

lP BRONCHI 1 06 . 9  1 8 7 . 9  2 34 . 2  2 • .  1 6 . 2  0 . 05 

S�ALL BRONCHI 5 1 . 7  8 4 . 0  1 3 3 . 5  1 5 . 6  8 . ,  0 . 0 1  

B�ONCH!OL! 1 5 . 6  3 4 .  1 62 . 0  8 . 6  1 0 . 8  0 . 0 1  

APP�NDIX 4 . 1 0 :  OUNCAN ' S STATISTICAL ANA��SIS OF 7HE 

SUBMUCOSAL TH!CK�ESS AT O! HTRHiT 

LEVELS OF NORMAL LUNGS , EARLY ?NLU!oiC N I C  

A N D  ADVANCED PNE UMON I C  LES!CNS 

AT 5l PROTECTION LEVEL 

UPPER TRACHEA C l  C 2  C l 

4 1 5 . 5  5 1 7 . 9  66 1 . 8  

LOWER TRACHEA C l  C) C2 

246 . 3  3 3 3 . 5  3 • 9 .  7 

EXTRAPULHON A R Y  C l  C2 C) 

BRONCHI 163 . o  256 . 2  26 1 . 5  

I N T R A PULMCNARY C l  C 2  C )  

SRONCHI 1 06 . 9  1 87 . 9  2 3 •  . 2  

SHALL BRONCHI C l  C2 C) 

5 1 . 7  a.• . 0  1 33 . 5  

BRONCHIOLI
0 

C l  C2 C) 

1 5 . 6  3 4 .  1 62 . 0  

. z AT 1S AND 5l PROTECTION LEVEL 

APPENDIX 4 . 1 1 :  COMPARATIVE STATISTICAL ANALYSIS CF THE 

MUCOSAL THICKNESS BETWEEN NCRHAL LVNC S , EA RLY 

PNEUMONIC A N D  A D V A N C E D  PNEUMONIC LESIONS 

T H I C K N ESS IN HIC ROHE T R E S ( u o )  

A I R \o'AY LEVEL NORMAL EARLY ADVA�CEO SE F-R P <  

PNEUMONIA PNEUMONIA 

UPPER TRACHEA 456 . 8  594 . 5  7 1 6 . 8  72 . 8  ) .  1 NS 

LOWER TRACHEA 2 80 . ,  389 . 6  369 . 7  56 . �  1 . 0 N S  

EP BRGNCHI 1 9 0 . 6  29 1 . 5  289 . o  42 • •  2 .  0 NS 

lP BRON:HI 1 3 1 . 2  224 . 0  278 . ,  29.  a 1 . ,  0 . 0 1  

SHALL BRONCHI 7 5 . 5  , 1 8 . 4  1 8 6 . 1 1 9 . 6  7 . 0  0 . 0 1  

BRONCHIOLI 2 8 . 6  5 8  • •  1 05 . 3  1 1 . 8 7 .  3 0 . 0 1  



A P P E N D I X  � .  1 2 :  DUN C A N '  S STATISTICAL ANALYSIS Of 

• 

THE MUCOSAL THICKN!:SS AT DIFHRENT 

LEVELS Of NORMAL LliNCS , EA R L Y  PNEU�ONIC 

AND ADVANCED PNEUMONIC LESIOSS 

AT 51 PROTEC T I O N  LEVEL 

U P P E R  TRAC:iEA 

LOWER TRACHEA 

C l  

056 . 6  

C l  

250. 1 

C2 

5 9 11 . 5  

G )  

3 6 9 . 7  

C )  

7 1 6 . 8  

C2 

389 . 6  

E X n A PULMONARY BRONCHI G l  

1 90 . 6  

G )  

28 9 . 0  

G2 

29 1 . 5  

INTRAPULMONARY BRONCHI C l  

1 3 1 . 2  

G 2  . 

224 . 0  

G )  

27 ! . 1  

S�ALL SRONCH I 0 

BRONCHIOLI0 

C l  

75 . 5  

C l  

28 . 6  

C 2  

6 8 . -

G 3  

1 86 . 1  

G )  

1 05 . 3  

A T  1 1  A N D  5 1  ?ROHCT!ON LEVEL 

A P P E S D ! X 11, 1 ) :  PERCENTAGE I N C R EASE I N  THICKNESS 

A ! R'o/A Y '-EVEL 

Of THE TRACHEOBROSCHIAL MUCOSAL L A Y E R S  

O f  E A n L Y  A N D  ADVANCE D  P N EUMCN I C  

LESIONS fP.OK NORMAL S H E E P  Ll;�;;S 

P E R C E NTAGE I N C R EASE I N  THE T H ! C K :IESS 

E P ITHELIUM SUBMUCOSA MUCOSA 

EARLY ADVANCED E A R L Y  ADVA N C ED E A R L Y  ADVANCED 

U P PER TRACHEA 

LO;;ER TRACHEA 

EP BP.ONCHI 

IP BRONCHI 

8 1 . 6  

20 . ..  

27 . 9  

• e .  a 

) 1 . 5  

7 • •  

0 0 . 0  

7 9 . 9  

SHALL BRONCHI 11 6 , 2  1 2 1 . 0  

BRONCHIOLI 9 3 . 0  
'
2 3 5 , 6  

2•  . 6  

• 1 . 9  

57 . 3  

75 . 9  

59 . 3  

35 . 3  

60 . 5  

1 1 9 . 3  

62 . 2  157 . 7  

1 1 8 . 6  298 . 7  

3 0 . 1 5 6 . 9  

39 . 1  )0 . 0  

5 3 . 0  5 1 . 7  

70 . 7  1 1 1 . 9  

5 6 . 8  1 4 6 . 5  

1 04 . 2  268 . 2  

A P PE N D I X  11 .  1 11 :  SUBMUCOSAL GLAND PARAMETERS A T  DiffERENT 

LEVELS Of NOR�AL SHEEP T R A C HEOBRONCH I AL ABWAYS 

P A R AMETERS 

NUHBER Of A C I N I  

TRACHEOBRONCH ! A L  LEVELS 

L 1 L2 L) L4 S E  

1 0 . 2  1 . 9  s . 2  4 . 5  o . 1  
TOTAL GLAND A R EA ( um2) 43263 3 1 028 200 1 4  1 7 3 • 0  40•2 

TOTAL ACINAR A R EA ( u�2) 2 5 1 30 20522 1 29 6 1 1 1 753 2395 

N O N - A C I N A R  A R E A  ( um2J 1 8 1 32 1 0555 7052 6392 1 760 

S I NGLE A C I N A R  A R EA ( um2 ) 2••1 2558 2•811 25511 1 )87 

f -R P< 
1 1 . 98 0 . 0 0 1  

8 5 6  0 . 0 1  

702 0 . 0 1  

9 3 6  0 . 0 1  

0 .  2 0  NS 

GLAND AREA : AC I N A R  A REA 1 8 : 1 1 . 6 : 1  1 . 6 : 1  1 . 6 : 1  0 . 025 ) . 60 NS 

A P P E S D I X  4 . 1 5 :  OUNC A N ' S  STATISTICAL ANALYSIS CF T H E  

SUBMUCOSAL GLANDS Of NORMAL SHEEP L:J"GS 

AT 51 PROTECTION LEVEL 

TOTAL GLAND AREA 

TOTAL ACINAR AREA 

NON-AC I N A R  A R EA 

SINGLE AC I N 'JS A R EA 

GLANO A R E A : A C I N A R  

AREA RATIO 

AT 1 1  PROTECTION LEVEL 

NUHBER OF ACINI 

TOTAL A C I N A R  A R EA 

NON-AC I N A R  A R E A  

S I NGLE A C I NUS AREA 

GLAND AREA : AC I NAR 

AR£A RATIO 

L 1 

1 0 . 2  

L l  

11 ) .  3 

L l  

25 . 1  

L 1 

1 8 .  1 

L l  

2 . 6  

L 1  

1 .  8 

L l  

1 0 . 2  

L 1 

25 . 1  

L 1 

1 8 .  1 

L 1 
2 . 6  

L l  

1 . a 

L2 

1. 9 

L2 

31  . o  

L2 

2 0 . 5  

L 2  

1 0 . 6  

L2 

2 . 6  

L 2  

1 . 6  

L2 

7. 9 

L2 

3 1 . 0 

L2 

20 . 5  

L2 

1 0 . 6  

L2 

2.  6 

L2 

1 . 6  

L 3  

5 .  2 

LJ 

20 . 0  

L 3  

1 2 . 9  

L 3  

7 . o  

L )  

2 .  5 

L3  

1 . 6  

L3  

5 . 2  

L 3  

2 0 . 0  

L3  

1 2 , 9  

L 3  

7 . 0  

L 3  

2 . 5  

• L3 

1 . 6 

L ll  

4 . 5  

L 4 

1 7  . )  

L 4  

1 1 . 7  

L� 

6 . 11  

L4 

2 • •  

L4 

1 .  6 

L4 

• • 6 

Lo 

1 7 . 3  

L 4  

, • 7 

L4 

6. 4 

L• 

2 . 11  

A?PENDIX 4 . 1 6 :  THE SUBMUCOSAL GLANO PARA�ETERS A T  O l ffEP.ENT 

LEVELS OF EARLY PNEUHON!C LUNG USIONS 

PARA�ETERS 

NUHBER OF A C I N I  

TRACHEOBRONCH I A L  LEnLS 

L 1 L2 L) L4 

a . •  9 . •  7 . 9  7 . 8  

S E  F -R 

1 . 0  0 . 5  

TOTA L  CLANO A R E A  ( u,2) )4625 36290 2 6 1 9 1  322 1 9  5809 06 N 

TOTAL AC I N A R  A R E A  ( um2l 1 9201  23585 1 61105 1 8953 )469 07 N 
NON-A C I N A R  AREA (um2) 1 5 42• 12730 9786 1 309 1 2869 06 N 

SINGLE A C I N A R  A R E A  ( um2) 2252 2535 2027 2 � 8 1  3C6  06 � 
Gl.INO A R E A : A C I N A R  

A R E A  RATIO 

1 8 : 1  1 . 5 : 1  1 . 7 : 1  1 . 7 : 1  0 . 1 6  1 . 1  N 



• 

A PPENDIX 0 .  1 7 :  SUB�UCOSAL GLAND PAP.A�ETE RS AT DiffERENT 

L E V ELS Of ADVANCED PNEUMONIC LUNG LESIONS 

TRACHEOERONCH I A L  LEVELS 

P A RA.•ETERS 

NUMBER Of A C I N I  

L 1  L2 L3 LO SE F-R P <  

1 2 o 5  9 o 5  8 o •  6 . 0  1 . 3  5 o 6  0 . 0 1  

TOTAL GLAND A ?. E A  (um2 ) 

TOTAL ACINAR A�EA ( u�2 ) 

NON-AC I • A R  AREA ( um2 ) 

S I NGLE A C I NA R  A ?. E A  (um2 ) 

GLAND AREA : A C I N A R  

6 1 579 • • 2 9 5  3 1 9 1 2  • 8 5 9 3  1 0566 1 3  N S  

3 5 0 • 5  2785 1 177 1 6  297 1 7  6 1 • 1  1 q  NS 

26533 1 62 1 8  1 •292 1 8876 •627 1 3  NS 

2709 2997 21 • 1 4893 689 30  NS 0 

1 8: 1 1 • 6: 1 1 .  7 :  1 1 • 6: 1 0. 08 1 o 5 NS 

A R E A  RATIO 

• •  p < 007 

A PP EN D IX  4 0 1 8 :  DUNCAN ' S  STATISTICAL ANALYSIS Of THE 

SUB�UCOSAL GLAND PARA�ETEP.S AT DIFFERENT 

LEVELS Of ADVANCED P•E�HC•IC LESIONS 

AT 5 1  P�CTECTION LEVEL 

NUM2ER Of A C I N I  

S i NGLE AC!SAR A R E A  

A T  1 S  PROTECTION L E V E L  

N�HBER O f  A C I N I  

L 1  

1 2 o 5  

L 4  

• •  9 

L 1  

1 2 . 5  

L 2  

9 .  5 

L2 

3. 0 

L2 

9 o 5  

L3 

8 . •  

L 1 

2 . 7  

L 3  

8 .  q 

APPENDIX Q, 1 9 :  COHPH ATIVE STATISTICAL A NALYSIS Of THE 

UPPER TRACHEAL SUBMUCOSAL GLANDS BEro'EEN 

NORMAL LUNGS AND EARLY PSEUH�NIC LESIONS 

PARAMETERS NORMAL EARLY SE F -R 

NUMBER Of ACINI  9 .  7 

TOTAL GLAND AREA ( um2 ) 406 1 1  

TOTAL ACINAR A R EA (um2 ) 23821 

GLAND A� E A :  A C I N A R  

A R E A  R A  TIC 

1 7 : 1  

PNEUMON I A  

7 . 9  0 . 8  2 . 2  

34560 3625 1 .  

1 7 9 • •  2 • s 1  2 8  

1 � 6 1 6  2 1 8• 03  

22�9 

1 . 9 :  1 

88 3 1  

0 . 2 :  1 2 .  1 

P< 

NS 

NS 

HS 

HS 

NS 

NS 

LO 

6. 1 

L3 

2 . 1  

APPENDIX 4 o 20: COMPARATIVE STAT ISTICAL ANALYSIS Of BE 

L01iER TRACHEAL SU9H UCOSAL GLANDS B£T�EN 

NORMAL LUNGS AND EARLY PNEU�ON!C LES!CNS 

PARAMETERS NORHAL EARLY SE F-R P <  

NUMBER O f  A C I N I  

TOTAL GLAND A R E A  ( um2 ) 

TOTAL ACINAR AREA ( um2 ) 

NON-AC!NAR  AREA (um2 ) 

SINGLE ACINU AREA (um2 ) 

GLAND AREA : ACINAR 

AREA RATIO 

PNEUHONIA 

7 . 9  9 . 2  

3 1 028 36290 

20522 23565 

1 0555 

2558 

1 2730 

2535 

1 5 : 1 1 . 5 : 1 

1 .  3 O o 7  
7529 02 

4098 02 

3600 02 

2•1 o• 

NS  

NS  

NS  

NS  

NS 

O o 08 00 NS 

APPENDIX Q , 2 1 :  COMPARATIVE STATISTICAL ANALYSIS Of THE 

EXTRAPULMONARY BRONCHIAL SU311UCOSAL GLI.SDS 

BEr .. EEN  NORMAL LUNGS AND EARLY PNEU�O NIC LESIJNS 

PARAMETERS 

NUMBER Of ACINI 

TOTAL GLAND AREA (um2) 

TOTAL ACINAR AREA (um2 ) 

NON-ACINAR AREA (uo:2 ) 

NORMAL EARLY 

PNEUMONIA 

5 . 2  7 . 9  

200 1 .  2 6 1 9 1  

1 296 1 

7052 

1 6�05 

9786 

SINGLE ACINAR AREA (um2 ) 2•85 2027 

GLAND AREA : AC I N A R  1 6 : 1 1 . 7 : 1  

AREA RATIO 

SE F-R P< 

0 . 6  

3763 

10.5 0 . 0 1  

N S  1 3  

2632 08 

23 1 257 

NS 

ss 

252 1 6  N S  

0 , 1  O o 5  NS 

STATIST:CAL ANALYS IS Of TnE 

INHA PULMONART 3RO!ICHI SUS�UCOSAL GLASDS BEro�EN 
NOR�AL LUNGS AND EARLY ?SE ·J�C S I C  LESIONS 

PARAMETERS 

NU�EER Of A C I N I  

TCTAL G L A N D  AREA (um2 ) 

NORMAL EARLY 

PNEUMONIA 

- 0  5 7 . 8  

1 7 3 4 0  322 1 9  

TOTAL A C I NAR A R E A  (u•.2J 1 1 7 5 3  1 8953 

SOS-ACINAR  AREA ( u�2 > 6392 1 30 9 1  

SINGLE � C I S A R  A R E A  bm2 ) 2554 2•8 1 

GLAND A R E A :  ACINAR 

AREA RATIO 

16: 1 1 . 7 :  1 

SE f -R P< 

0 . 6  1 3 . .  0 . 0 1  

36'5 83 0 . 5  

2 1 3 1  57 O o 05 
1 6 9 1  79 O o 05 

300 0 . 03 NS 

O o �3 6 o 8  O o 05 

A?PEND I X  4 . 2 3 :  COMPARATIVE STATISTICAL ANALTS!S Of THE 

UPPER TRACHEAL SUBM�COSAL GLASOS 3E711�;N 

NORMAL LUNGS AND ADVANCED P N E ''� J S : C  LESICNS 

PARA�ETERS NOP.�AL A�VASCED 

PNEUMCN!A 

NU�BER OF A C I N I  

TOTAL G L A N D  AREA ( um2) 

TOTAL ACINAR AREA (u012 ) 2 3 8 2 1  

NON-AC INAR AREA (u,.2 ) 1 67!9 

SINGLE ACINAR AREA (u�2 ) 2Q28 

GLAND AREA:  A C I N A R  

A R E A  HTIO 

1 7 : 1  

1 1 .8  

56801 

3 1 6 1 7  

2 5 1 8 3  

2569 

1 .  9: 1 

SE F-R P<  

1 , 4  1 , 0 NS 

9696 1Q NS 

5799 09 NS 

• 1 1 0  2 1  NS 

236 08 NS 

0. 1 1 . 7  NS 
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APP ESOIX 4 . 24 :  COMP A RATIVE STATIS!!CAL ANALYSIS OF THE 

LCWER TRACHEAL SUe�UCOSAL GLANDS 8EToEEH 

�CR�AL LUNGS A�D ADVANCED PNEUMONIC LESIONS 

PAili\M£TERS NOR�AL ADVANCED SE F -R 

PNEUMONIA 

NUMSER OF ACI N I  1 . 9  9 .  5 0 . 9  1 . 6  

TOTAL GLAND AREA ( um2l 3 1 028 . .  295 5022 35 

TO>AL ACINAR AnEA ( u!ll2) 20522 27851 2939 31 

NON-AC INAR AREA (um2 ) 10555 1 6 2 1 8  2345 29 

s : NGLE ACINAR Ai!EA ( um2l 2558 2997 325 09 

GLAND AREA : AC I NAR  15:  1 1 . 6 : 1  0 . 06 o. 3 

AREA RATIO 

APPENDIX 4 . 25 : COMPARATIVE STATISTICAL ANALYSIS 

PARAMETERS 

NU�SER OF AC ! H I  

Of T H E  EXTRAPULMONARY BRO�CHIAL 

SUBMUCOSAL GLANDS BEr<'EEN NORMAL 

LUNGS AND ADVA�CED PNEUMONIC LESIONS 

NORMAL ADVANCED,  SE F -R 

PNEUMONIA 

5 . 2  8 . 4  o .  3 64 . 7  

TOTAL GLAND AREA (um2l 200 1 4  3 1 9 1 2  3 1 2 1  12 

TOTAL AC INAR  AREA (um2) 1 296 1 1 7 1 1 6  1 8 8 1  32 

NON-ACINAR A R EA ( um2 ) 7052 1 4292 1 •87 1 1 8 

SINGLE ACINAR Ai!EA ( ·;m2) 2485 2 1 4 1  1 7 0  20 

GLAND AREA : AC I N A R  1 6 : 1  1 . 7 : 1  0 . 06 0 . 6  

AREA RA TIC 

APPENDIX 4 . 2 6 :  COMPARATIVE STATISTICAL ANALYSIS 

PAi!AHETEP.S 

NUMBER OF ACINI 

OF THE I N!RA PUL.ONARY BRONCHIAL 

SUBMUCOSAL GLANDS BETWEEN NORMoL 

LUNGS AND ADVANCED PNEU�ONIC LESIONS 

NORMAL ADVA.�CED SE F-R 

PNEUMONIA 

4 . 5  6 . 0  o .  3 1 2 . 7  

TOTAL GLAND AREA ( um2)  113•0 48593 9445 55 

TCHL ACINAR AREA ( um2 l 1 1 753 297 1 7  5467 54 

NON-AC INAR AREA ( um2 l 6392 1 8876 4 0 1 3  48  

SINGLE ACINH AREA ( um2 l 2554 4893 881 35  

GLAND AREA:  ACINAR 16:  1 1 . 6 :  1 0 . 0 3  1 . 0  

AREA RATIO 

'•0.07 

P <  

HS 

HS 

HS 

�s 

NS 

NS 

P< 

0 . 00 1  

o .  05 

HS 

D . 0 1  

NS 

NS 

P <  

0 . 0 1  

HS
1 

Hs
' 

HS
1 

HS 

HS 



SOLUTIONS 

ALCIAN BLUE 

Alcian  b lue 

Acet i c  acid  

Dist i l l ed water 

1 %  PERIODIC ACID 

Per i od i c  acid 

Di s t i l l ed water 

SCHIFF ' S  R EAGENT 

Basi c  fuchs i n  

N Hydrochlor ic  acid  

Sod ium metab i su lphi t e  

Acti ved charcoal 

Dist i l l ed water 

METHOD 

APPENDIX 5 . 1 

ALC IAN BLUE pH 2 . 6-PAS 

gm 

3 ml 

97 ml 

gm 

1 00 ml 

gm 

2 0  ml 

gm 

2 gm 

200  ml 

A) Place sections i n  xylol and then down to wate r . 

B )  Stai n  i n  Alci an blue solution for 5 min . 

C )  Wash wel l  i n  tap water .  

D )  Treat  with  1 %  per i od i c  acid  for 5 min . 

E )  Wash i n  d i st i l led water . 

F )  Place i n  Schi ff ' s  r eagent for 8 m i n . 

G )  Wash i n  r unning tap water for 1 0  min . 

H )  Dehydrate  through graded a l cohols  to xylol . 

I )  Mount i n  DPX . 

RESULTS 

Aci d  mucopo l ysacchar ids  

Neutral  muci n s  

M i xtures o f  acid and neutral mucins  

Blue 

Magenta 

Purple 



APPENDIX 5 . 2  DU NCAN ' S  STATISTICAL AS�LYSIS O F  THE PROPORTION 

Of DIFFERENT TYPES OF GLYCOP ROTE IN  AT VAR IOUS 

TRACHEOSRONCHIAL LEVEL OF NOR�AL SHEEP LUNGS 

AT 5 1  PROTECTION LEVEL 

L 1 B BR RB 

0 . 1  2 . 8  6 . 3 32 .  1 58 . 7  

L2 B BR R B  

1 . 1  q . 2  q .  7 27 , Q  62 . 7  

L 3  B BR RB 

o. 3 o .  7 3 . 9 22 . 4  7 2 . 8  

Lq B !R RB 

0 . 05 0 . 6  ) .  q 1 9 . 3  7 6 . 7  

AT 1 1  PROTECTION LEVEL 

L 1 B BR RB 

0. 1 2 . 8  6 .  3 32 . 1  5 8 . 7  

L2 B BR RB 

1 . 1  Q . 2  4 .  7 27 . Q 6 2 . 7  

L3 B BR RB 

0 . 3  o .  7 3 .  9 2 2 . 4  7 2 . 8  

L q  B BR p RB 

0 . 05 0 . 6  3 . 4  1 9 . 3  7 6 . 7  

A ? P � S O ! X  5 . 3 :  HISTOCHEMICAL STA ! S !SG OF SUBMUCOSAL GLAND 

MUCOUS CELLS OF NORMAL SHEEP ASSESSED BY BEA 

PERCENT ACE OF TOTAL 

HIS TO- GLAND A�EA STAINED 

CHEMICAL UPPER LOWER E P  I P  MEAN 

STA!N TRACHEA TRACHEA BRONCHI SRONCH! YALUE S . E  F-R P <  

BLUE 0 . 1  1 . 1  0 . 3  o . os 0 . 4  0 . 4  2 . 0  N S  

BLUE-REO 2 . 8  Q ,  7 0 . 7  0 . 6  2 . 2  1 . 4  2 . 1  NS 
RED 6. 3 q . 2  3 .  9 3 . 4  4 . 5  1 , ) 0 . 9  NS 
RED-BLn 58 . 7  62 , 1  72 . 8  7 6 . 7  6 7 . 7  2 . 3 1 4 . 0  0 . 00 1  

P U R PLE 32 . 1 27 • •  2 2 . Q  1 9 . 3 25 . 3  2 . 4  5 . 5  0 . 0 1  
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A PPEND I X  S . � :  DUN�A N ' S  STATISTICAL ANALYSIS Or THE 

PROPORTION Of EACH GLYCOPROHIN AT D J F r E P. E NT 

!RAC HEOB�ON C H I A L  LEVELS IN NOR�AL SHr E P  LUNGS 

AT SS P R :l! E C T I CN LE VEL 

E�UE L� L 1 

KUE-P.£D 

PU� FLE 

ACID 

M I X E D  

o . os 0 . 1  

L �  

0 . 6  

L 1 

ss . 7  

L �  

1 9 . 3 

L 1  

t 5 .  1 

L 3  

o .  7 

L 3  

3 .  9 

L2 

6 2 . 7  

L 3  

2 2 .  � 

L3 

1 . 0  

L2 

6 � .  8 

L3 

2 2 .  � 

L3 

D. 3 

l 1  

2 .  6 

L2 

• . 2  

L 3  

72 . 8  

L2 

27 . �  

L 1  

2 . 9  

L 3  

76 . 6  

L2 

27. � 

L2 

1 . 1  

L2 

� . 1  

L 1  

6 .  3 

L 1 

32 . 1  

L2 

5. 5 

L� 

8 0 .  1 

L 1 

32 . 1  

A PP E N D I X  5 . 5 :  GLYCOPROT E I N  TYPES Of SUBMUCOSAL GLAND 

MUCOUS CELLS Of NCRHAL SHE E P  LUNGS 

ASSESS EO BY PERCENTAGE Of TOTAL COUNT 

PERCENTAGE Of TOTAL 

TYPES GLAND A R EA STA INED -

Of UPPER LOWER EP IP HEAN 

G . P  TRACHEA TRACHEA BRONCHI BRONCHI VALUE S . E  f-R P< 

A C I D  2 . 9  5 . 8  1 . 0 0 . 6  2 . 6  1 . 7  2 . 1  NS 

NEUTRAL 6S . 1  6 6 . 8  7 6 . 6  80 . 1  7 2 . 2  2 . �  9 . 3  0 . 0 1  

H IXED 32 . 1  2 7 . Q 2 2 . �  1 9 . 3  2S . 3  2 . Q  5 . 5  0 . 0 1  

APPEN D I X  5 . 6  DUNCA N ' S STATISTICAL ANA L!SES C f  7�� 

PROPOR710N or THE D ! ff ( R EST TYPES �·r 

GLYCC?�Oi !: I N  AT V � � IOUS TRACHtOB?.c•; c :-: ! :. l  

LEVELS I N  EARLY PNEU�CN IC LES !CSS 

AT 51 PRC7ECT!CN L E V E L  

L 1 

L2 

L3 

B 

1 . 6  

B 
1 . 0 

B 
0 . 8  

B 

0 . 5  

B R  

3 . 0  

BR 

9 . 2  

BR 

2 . 0  

BR 

1 . 2  

1 1 . 1 

1 0 . 3  

1 7 . 8  

1 6 . 0  

3 3 . 9 

1 6 . 6  

2 •  . 6  

p 
29 . 6  

RB 

50 .• 

RB 

60 . 8  

R B  

5• . 1 

RB 

50 . 6  

A T  U PROTECTI�N LEVEL 

L 1  

L2 

L3 

L• 

B 
1 . 6  

B 
1 . 0  

B 
0 . 8  

B 
0 . 6  

B R  

3 . 0  

BA 
9 . 2  

BR 

2 . 0  

BR 

1 . 2  

1 1 . 1  

R 

1 0 . 3 

1 7 . 8  

1 6 . 0 

p 
3 3 . 9  

1 8 . 4  

2• . 6  

p 
2 9 . 6  

R B  

so . •  

AB 
60 . 8  

AB 
5• . 1 

RB 

5 0 . 6  

A PP E S D I X  5 .  7 :  HIS!OCHE�lCAL SUB:sc O f  SUo�uC�SAL 

GLA!iD MUCOUS CELLS ON EA�Lr 

PNEUMON I C  LESIOSS ASSESSED BY A R E A  

HIS TO-

PERCE SHCE Of TOTAL 

GLAND AREA STAISEO 

CHEMICAL UPPER LO\lER EP I P  HEAN 

STAIN TRACHEA TRACHEA BRONCHI 3RCNCHI VALUE S . E  f-R P< 

BLUE 1 . 6  1 . 0  0 . 6  0 . 6  1 . 0  0 . 9  0 . 2  NS 

BLUE-RED ) . 0  9 . 2  2 . 0  1 . 2  3 . 9  2 . 9  1 . 6  NS 

REO 1 1 . 1  1 0 . 3  1 7 . 8  1 8 . 0  1 5 . 6  1 1 . 2  0 . 1  NS 

RED-BLUE 5 0 . - 6 0 . 8  5 Q . 7  5 0 . 6  5� . 1  1 Q . O  0 . 1  NS 

- _P.UULE 3 3 . 9  1 8 . 8  2 � . 6  2 9 . 6  26 . 7  5 . 9  1 . 2  NS 

APPENDIX 5. 8 :  GLYCOPROT E I N  TYPES Of SUB.�UCOSAL �LAND 

MUCOuS CELLS ON EARLY PNEUMONIC LESICNS 

ASSESSED BY PE�CEN7AGE Of T07AL COL:NT 

PERCENTAGE Of TOTAL 

TYPES GLAND A R E A  STA!SED 

Of UPPER LOWER EP I P  HEAN 

G . P  TRACHEA TRACHEA !RONCHI !?.ONCHI VALUE S . E  f-R P <  

ACID • •  5 1 0 . 2  2 . 9  1 . 8  • . 8  3 . 1  1 . 5  NS 

NEUTRAL 6 1 . 6  7 1 . 0  72 . 5  66 . 6  6 9 . 7  6 . 3  1 . 0 NS 

MIXED 3 3 . 9  1 8 . 8  2Q . 6  29 . 6  26 . 7  5 . 9  1 . 2  NS  



A P P E N D I X  5 . 9 :  DUN C�N ' S STATISTICAL ANALYSES OF THE 

PROPORTION OF THE D I FFERENT TYPES OF 

GLYCOPROT E I N  AT V�R I•jUS TRACHEOBP.CNCHIAL 

LEVEL IN ADVANCED PNEUMON I C  LESIONS 

AT S i  P�OTECTION L E 'o' EL 

L 1  

L2 

L3 

L] 

3. 3 

BR 

7 . o  

BR 

4 .  3 

2 . 0  2 . 0  

1 .  8 

B 

2 . 8  

A T  1 S  PROTECTION LEVEL 

L l  

L2 

L 3  

L4 

2. 4 

3 .  3 

B 

2 . 0  

1 . 8  

BR 

7 . o  

2 . 0  

B 

2 . 8  

B 

7. 8 

B 

6. 7 

BR 

3 . 0  

BR 

3 .  7 

B 

7. 8 

B 

6. 7 

BR 

3 . 0  

BR 

3. 7 

27 . 2  

2 6 . 3  

2 3 . 0  

3 1 .  1 

2 7 . 2  

26 . 3  

2 3  . o  

3 1 . 1  

R B  

5 5 . 6  

R B  

5 9 . 6  

R B  

7 0 . 0  

R B  

6 0 . 6  

R S  
5 5 . 6  

R B  

5 9 . 6  

R B  

7 0 . 3  

R B  

60 . 6  

A PP E N D I X  5 . 1 0 :  HISTOCH��ICAL STA I � : �C OF Sl:BMUCCSAL CLASD 

HI STO-

�UCCUS CELLS IN A;JVANCED P N E UMCN ! C  

L E S I O NS �SSESSEO BY PEP:ENTACE OF TOTAL COcST 

PERC ENTAGE or TOTAL 

GLAND AREA STAINED 

CHE�ICAL UPPER LOWER EP I P  

STAIN T RAC HEA TRACHEA BRONCHI BRONCHI VALUE S , E  F - R  P <  

BLUE 7 . 8  6 . 7  2 . 0  2 . 8  4 . 9  4 . 9  0 . 3  NS 

BLUE-RED 7 . 0  4 . 3  3 . 0  3 , 7  4 , 5  2 . 0  0 . 8  N5_ 

R E D  2 . 4  3 , 3  2 . 0  1 . 8  2 . 5  0 . 6  1 , 1  NS 

R E D-BLUE 5 5 . 6  5 9 . 6  70 . 0  60 , 0  6 1 , 5 8 . 0  0 . 6  NS 

P U R PLE 27 , 2  26 . 3  2 3 . 0  3 1 . 1  2 7 . 0  4 . 2  0 . 6  NS 

A ? P E N D I X  5 , 1 1 :  GLYCOPROT E I N  TYPES or SUeMUCOSAL GLAND 

TYPES 

HUCOUS CELLS IN ADVANCED PNEU�ONIC 

LESICNS ASSESSED BY PERCENTAGE or TOTAL COUNT 

P E R C ENTAGE OF TOTAL 

GLAND A R E A  STA I NED 

or UPPER LOWER E P  IP H E A N  

C . P  TRAC H EA TRACHEA BRONCHI BRONCHI VALUE S . E  f-R P <  

AC I D  1 4 . 8  1 0 , 9  5 . 0  6 . 5  9 . 3  6 , 4  0 . 6  NS 

NEUTRAL 5 8 . 0  62 . 8  7 2 . 0  6 2 . 4  64 , 0  8.0 0 . 5  NS 

H I X ED 27 . 2  26 . 3  2 ] , 0  ] 1 . 1  27 . 0  4 . 2  0 . 6  NS 

A??ESDIX 5 . 1 2 :  COMPARATIVE STATISTICAL ANALYS I S  OF THE 

H ISTOCH EM I C A L  STA ! N I NG OF �UCOUS CELLS 

Of THE SUeHUCOSAL GLANDS FRCH SCR�AL LU:•CS ,  

EA�LY A N D  ADVANCED PNEUMON i C  LESICNS 

A I RWA Y  

PERCENTAGE OF TOTA L 

H ISTO GLAND A R EA STA I N E D  

CHC:�ICAL NORMAL E A R L Y  LATE 

liVEi. 

UPPER 

TRACHEA 

STA I N  

BLUE 0. 1 

BLUE-RED 2 . 8  

RED 6 .  3 

RED-BLUE 58 ;7 

PURPLE 32 , 1 

BLUE 1 . 1  

LOWER BLUE-RED 4, 7 

TRACHEA RED 4,  2 

RED-BLUE 6 2 , 7  

P U R P L E  27, q  

BLUE 0 . 3  

EXTRA- BLUE-RED 0 . 7  

PUL�ONARY R E J  3 ,  9 

BRONCHI RED-BLUE 72 , 8  

PURPLE 2 2 ,  q 

BLUE 0 . 05 

INTRA- BLUE-RED 0 . 6  

PULHONBY R E D  3 , 5  

BRONCHI RED-BLUE 7 6 . 7  

PURPLE 1 9 . 3  

P N E UHON!A PNEuHCNJA S . E  f-R P< 

•. q 0. 9 NS 

2. 3 1 ,  1 NS 

2 . 4  ] . 2  NS 

1. 6 7 .  8 

3 .  D 7. 0 
1 1 ,  1 2. 0 
50 • •  
3 3 . 9  

1 , 0  

9 . 2  

1 5 . 6  

6 0 . 8  

1 8 . 8  

0 . 8  

2 . 2  

1 7 . 8  

5 4 . 7  

2 4 . 7  

0 . 6  

1 . 2 

1 8 . 0  

S D . 6  

2 9 . 6  

55 . 6  8 . D  0 . ]  HS 

27 . 2  5 . 1  0 . 5  NS 

6 . 7  3 . 2  1 , 0  NS 

4 . 2  3 . >  0 . 7  NS 

3 . ]  5 . 1  1 . 8  NS 

5 9 . 6  1 D . 4  0 . 02 ss 

26 , ]  4 , 8  1 , 0  NS 
2 . 1  1 , 1  C . 7  NS 

]. 0 

2 , 4  

· _7 0 .  3 

2 3 . 0  

2 . 8  

3 . 7  

1 . 8  

60 . 5  

3 1 .  1 

1 ,  2 1 .0 NS 

9 . 0  0 . 9  NS 

1 0 . 2  0 . 9  NS 

4. 2 0 .  1 NS 

1 , 4  1 . 2  NS 

0 . 8  4 . 8 0 . 05 

7 . 5  1 . 0  NS 

8 . 9  2 . 2  NS 

] , o  3 . 5  NS 

A P P E S D ! X  5 . 1 3 :  CO"-PARATIVE STATISTICAL A N ALYSIS 

Of THE PROPORTION Of CLYCCP R07E !! I  

TYPES I N  HUCOUS CELLS O F  THE 

SUBMUCOSAL GLANDS FRO� NORMAL LCNGS, 

EARLY AND ADVANCED PNEUMONIC LESIONS 

PERCENTAGE Of TOTAL 

TYPES GLAND AREA STAI NED 

ABWAY Of NORMAL EARLY LATE 

LEVEL C , P  PNEUMONIA PNEUMONIA S . E  F-R P <  

UPPER A C I D  2 . 9  4 . 5  1 0 , 8  6 . 5  1 , 0  NS 

TRACHEA HEUBAL 65 . 0  6 1 . 5  5 8 . 0  7 . 4  0 . 2  NS 

H I X ED 32 . 1  ] ] , 9 27 . 2  5 . 1  D . S  NS 

LOWER A C I D  5 . 8  1 0 . 2  1 0 . 9  4 , 9  D . 3  SS 

TRACHEA NEUTRAL 6 6 , 8  7 6 , 3  62 . 8  7 .  6 0 .  8 NS 

EXTRA-

H I X E D  27 . 4  

A C I D  1 . 0 

PUL�ONA R Y  N E UTRAL 7 6 . 6  

BRONCHI M IXED 2 2 . 4  

INTRA- A C I D  0 . 6  

PULHONA R Y  NEUTRAL 8 0 . 2
1 

BRONCHI M I X ED 1 9 . 3 

APPENDIX 5 . 1 4  DUNCA N ' S  

1 8 . 8  

3 . 0  

7 2 . 5  

2 4 . 7  

1 . 8  

6 8 . 6  

29 . 6  

26 . 5  

5 . 1  

72 . 7  

23 . 0  

6 :s 

62 . 4  

3 1 . 1  

STATISTICAL 

• . 8  1 , 0  NS 

1 . 5 2 . 0  NS 

4 . 2  0 , ]  NS 

o. 2 0. 1 NS 

1 . 5  4 . 6  0 . 05 

• o . D  s. 1 o . os 

] , 4  3 . 5  NS 

At:ALYSIS OF 

THE COMPARISON Of THE TOTAL SV�9ER OF 

ACTI V E CELLS PER LEVEL BEioEES SC ?�AL 

LUNGS EARLY A N D  ADVANCED PNEU�ON!C LESIONS 

AT SS PROTECTION LE1EL 

H I X E D  

AC I D  

!IEUTRAL 

C l  

1 9 . 3  

C l  
0 , 6  

C2 

29 . 6  

C2 

1 . 8  

C2 
6 8 . 6  

G3 

3 1 . 1  

C) 

6 .  5 

C l  

so . 2 



APPENDIX 6 . 1  

NaCl 

LIQUID MODIFIED FM4 MEDIUM ( Frey ; et  a l . ( 1 96 8 ) 

5 . 00 gm 

KCl 

MgS04 . 7H20 

NaPH04 
Glucose 

Phyto-Peptone 

NAD 

L-Cysteine  HCP 

Eagle ' s  v itamin soln x 1 00 ( see  below)  

0 . 4% phenol red 

Pen i c i l l i n  

1 . 0M NaOH to p H  

Dis t i l l ed water 

NOTES ON P REPARATION 

0 . 40 gm 

0 . 20 gm 

4 . 03 gm 

1 0 . 00 gm 

1 0 . 00 gm 

o .  1 0  gm 

0 . 1 0  gm 

25 . 00 ml 

2 . 50 ml 

1 06 . 00 units  

7 . 80 

1 000 . 00 ml 

1 )  The med ium was clarified  by f i l tr at ion through non ster i l e  o . 45 urn 

and 0 . 22 urn pore s i ze filters and subsequently ster i l i zed by  

fi l t r ation through a ster i l e  0 . 22 urn  f i lter . 

2 )  The vitamin supplement used ( Eagle ' s  Vitamin Solution x 1 00 )  was as 

fol lows : 

D-Biot i n  20 mg 

Calcium pantothenate 20 mg 

Choli n e  chloride  20  mg 

Fol ic  acid  20 mg 

Riboflavin  2 mg 

Myo-Iodosi tol 40  mg 

Niacinamide 20 mg 

Pyridoxine  20  mg 

Thi amine 20 mg 

Disti ll ed water 200 ml 

The solution was ster i l i zed by fi l t r ation through a 0 . 22 urn m embrane  

filter . 



APPENDIX 6 . 2  

GRAM-TWORT METHOD 

SOLUTI ONS 

TWORT ' S  STAI N  

0 . 2� absolute alcoho l i c  neutr al r e d  

0 . 2% absolute alcohol i c  fast green FCF 

Disti l l ed water 

CRYSTAL VIOLET 

Crytal v i o l et 

95% alcohol 

Ammonium o x al ate 

D i st i l l ed water 

GRAM ' S  IODINE 

Iod i ne crystals  

Potassium i odide 

Di s t i l l ed water 

METHOD 

9 ml 

ml 

30 ml 

2 gm 

20 ml 

1 gm 

80 ml 

gm 

2 gm 

3 0 0  m l  

A )  Place sections in xylol , then down to  water . 

B )  Stain  i n  crystal v i o l et solution for 3 min . 

C )  R i nse i n  running tap water . 

D )  Treat w i th Gram ' s  i od ine for 3 min .  

E )  Rinse  i n  tap wate r . 

- F )  Decolouri se i n  �� acetic  acid i n  absolute a l cohol 

unti l  no more  colour  comes away . 

G )  Rinse  rapidly  in  d i s t i l led wate r . 

H )  Counter stain  i n  mod i fi ed Twor t ' s  stain  for 5 min .  

I )  Differentiate i n  2% acet i c  acid i n  absolute  alcohol 

unt i l  no mor e  stain  comes from the sect i on . 

J )  Clear i n  xylol and mount i n  DPX . 
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