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ABSTRACT 

I n t e r e s t  i n  t h e  t i m i n g  of mammalian l u n g  events has led t o  much 

research i n  the  a l t e r a t i o n  of normal l ung  growth through a v a r i e t y  o f  

manipulat ive techniques. These manipulat ions have es tab l ished t h e  

impor tance 'o f  c e r t a i n  f a c t o r s  i n  c o n t r o l l i n g  l ung  growth, one o f  which i s  

oxygen consumption through increased metabol ic  demand. Th is  study 

assessed the  e f f e c t s  o f  d a i l y  endurance exerc ise  on lung  growth i n  . 

newborn guinea p i g s .  

A morphological  and b iochemical  comparison was made between lungs 

of exerc ised and sedentary animals a f t e r  1, 2 and 3 weeks o f  l i f e .  There 

were no morphological  d i f f e rences  i n  lung s t r u c t u r e  between exerc ised and 

age-matched sedentary animals. Lung sur face area was s i g n i f i c a n t l y  

d i f f e r e n t  i n  exerc ised animals compared t o  t h e  sedentary animals over t h e  

3 week per iod.  Also du r ing  t h i s  per iod ,  wet/dry l u n g  weight r a t i o  was 

s i g n i f i c a n t l y  increased i n  exerc ised animals b u t  no t  i n  sedentary 

con t ro l s .  S i g n i f i c a n t  d i f f e r e n c e s  were demonstrated i n  body weight, 

femur length,  l ung  weights and l u n g  volume a f t e r  2 weeks b u t  not  a f t e r  3 

weeks i n  exerc ised animals, when compared t o  con t ro l s .  

S i g n i f i c a n t  d i f fe rences due t o  growth were measured i n  most 

parameters i n  bo th  groups. Wet l u n g  weight, d ry  l ung  weight and lung  

volume increased a t  week 2. R e l a t i v e  lung weight ( t o  body weight) 

decreased weekly, wh i l e  r e l a t i v e  l u n g  volume and r e l a t i v e  sur face area 

decreased a t  week 1, then aga in  a t  week 2. The mean chord l eng th  o f  

a l v e o l i  increased over the  3 week per iod ,  as d i d  sur face area/ lung volume 



r a t i o .  Absolute lung p r o t e i n  and DNA increased s i g n i f i c a n t l y  a t  3 weeks 

wh i l e  prote in/body weight and DNA/body weight r a t i o s  decreased a t  week 

2. Body weight, hea r t  weight and crown rump l e n g t h  increased a t  week 1 

and week 2, wh i le  absolute femur l e n g t h  increased weekly. 

I t  was concluded t h a t  d a i l y  t r e a d m i l l  runn ing f o r  3 weeks 1 )  had no 

s i g n i f i c a n t  e f f e c t  on the  volume p r o p o r t i o n  o f  l ung  components 2) no 

s i g n i f i c a n t  e f f e c t  on mean l i n e a r  i n t e r c e p t ,  mean chord l e n g t h  o f  a l v e o l i  

o r  mean chord l e n g t h  of duc ts  3) no e f f e c t  on r e l a t i v e  sur face area o r  

surface/volume r a t i o  4) increased absolute sur face area by a s i g n i f i c a n t  

amount over  c o n t r o l s  (7%) and 5) had a s i g n i f i c a n t  e f f e c t  on body weight, 

l ung  weight and lung  volume a f t e r  2 weeks. F i n a l l y ,  the  lungs o f  newborn 

guinea p i g s  appear t o  be i n  a phase o f  e q u i l i b r a t e d  growth, where the  

lungs a re  growing by enlargement o f  p re -ex i s t i ng  a l v e o l i  r a t h e r  than 

a d d i t i o n  o f  new u n i t s .  
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I. INTRODUCTION 

1.1. General Objective 

The purpose of t h i s  investigation was t o  study the influence of 

endurance exercise on the s t ruc tura l  and biochemical aspects of postnatal 

lung growth and development i n  guinea pigs. Specifically,  the objectives 

of t h i s  s t u d y  were; 

1) To describe normal lung growth in  the guinea pig during the f i r s t  

21 days of l i f e  

2) To t e s t  the hypothesis tha t  daily endurance exercise has a 

s ignif icant  e f fec t  on the dimensions of respiratory u n i t s  i n  guinea 

pigs during the f i r s t  21 days of l i f e  

1.2. Effects of Increased Oxygen Consumption due to  Exercise on Lung 

Growth 

The postnatal growth of the lung involves both the rapid growth of 

preformed components and s t ruc tu ra l  transformation due t o  the formation 

of new respiratory uni t s  or a lveol i  (Emery and Mithal, 1960; Boyden and 

Tompsett, 1961; Dunnill, 1962; Boyden and Tompsett, 1965; Emery and 

Wilcock, 1966; Boyden, 1967; Weibel, 1967; Burri, 1974; Amy -9 e t  a1 

1977). These transformations take place necessarily i n  a functioning 

organ in  a new environment, therefore it may be expected tha t  the 

environment and metabolic demands on the organism have some regulatory 
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i n f l uence  on the process governing lung development. Among adu l t  mammals 

o f  d i f f e ren t  species, r esp i r a to r y  surface area (Tenney and Remmers, 1963) 

and morphometric d i f f u s i n g  capac i ty  (Weibel, 1970, 1971) have been shown 

t o  be w e l l  matched t o  metabol ic requirements and the  quest ion a r i ses  

whether imposed a l t e r a t i o n s  i n  metabol ic r a t e  can in f luence  lung 

development i n  young animals. 

An increase i n  metabol ic r a t e  due t o  exerc ise has been hypothesized 

t o  have an e f f ec t  on lung growth s ince the ea r l y  19001s, when e f f e c t s  

were measured by changes i n  lung and chest volumes. A few German authors 

have attempted t o  demonstrate an e f f e c t  o f  phys ica l  exerc ise on lung 

growth (Kuelbs, 1912; Tiemann, 1936; Gehrig, 1951; Clemens, 1956). 

Tiemann (1936) postu la ted t h a t  phys ica l  exerc ise l ead  t o  an enlargement 

o f  the chest cage and accompanying lung i n f l a t i o n ,  r e s u l t i n g  i n  chronic 

d is tens ion o f  the a l v e o l i  which would be an adequate st imulus f o r  

p r o l i f e r a t i o n  o f  new i n t e r a l v e o l a r  septa. Gehrig (1951) exercised mature 

r a t s  and guinea pigs,  10 months o f  age, 210 minutes per day f o r  4 months 

using a swimming regimen. These experiments produced an acute 

over-distension o f  the  a l v e o l i ,  th icken ing o f  the a lveo la r  wa l l s  and an 

increase i n  a l veo la r  number i n  the  exercised animals. Gehrig concluded 

t h a t  t h i s  d is tens ion t r i gge red  a lveo la r  mu l t i p l i ca t i on .  However, Gehrig 

and coworkers d i d  n o t  i n f l a t e  the  lung t i ssue  before  quan t i t a t i ve  

analysis, there fore  t h e i r  r e s u l t s  a re  d i f f i c u l t  t o  i n t e r p r e t .  

Over the past  decade, w i t h  development o f  more r e l i a b l e  

quan t i t a t i ve  techniques, adapt ive changes i n  lung s t r uc tu re  have been 

more r e a d i l y  demonstrated (Weibel, 1967). Using these techniques, 

B a r t l e t t  (1970a) attempted t o  show changes due t o  d a i l y  exerc ise i n  ra ts .  
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Male Sprague Dawley r a t s ,  4 weeks of age, were exercised on a rodent 

treadmill daily for 20 days, for 20 to  30 minutes a t  0.5-2.0 mph, 7.5 0 

grade. Morphological measurements of the lungs demonstrated no change i n  

re la t ive  or  absolute lung volume or weight, alveolar surface area, t o t a l  

number of a lveol i  or  mean alveolar diameter, due t o  exercise. However, 

closer examination of B a r t l e t t f s  r e su l t s  reveal a de f in i t e  trend towards 

an increase i n  number of a lveol i  and alveolar surface area i n  exercised 

animals. Any s ignif icant  difference between the exercise and control 

groups may have been masked by the relat ively small number of animals 

used i n  the study (8 exercised, 10 control) .  The above study is relevant 

only to  the l a t t e r  phase of lung growth i n  rats.outlined by Burri (1974) 

as a period more of expansion and slower formation of new respiratory 

units. The author discussed whether an increase i n  metabolic demand made 

during the ea r l i e r  growth phase of the lung, one of rapid formation of 

a lveol i  may have produced more s ignif icant  resul ts .  It appears from 

recent work, however that  r a t s  continue to  add respiratory uni ts  for up 

t o  133 days a f t e r  b i r t h  (Holmes and Thurlbeck, 1979). In a different  

study (Fu, 1976), 4 week old male r a t s  were exercised by swimming and 

showed exercise-induced alveolar prol i ferat ion tha t  was independent of 

t ra ining intensi ty ,  but was influenced by the age of the animal a t  the 

s t a r t  of training. Alveolar prol i ferat ion was increased i n  r a t s  exposed 

t o  swimming during the second month of postnatal growth but not i n  r a t s  

exposed t o  swimming during the t h i r d  postnatal month. 

Generally investigators have avoided using treadmill exercise to  

increase oxygen consumption, preferring the use of drugs or  hormones 

which increase or decrease oxygen consumption (Bar t le t t ,  1970a; Burri - e t  
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a1 1976; B a r t l e t t  and Areson, 1978; Hugonnaud e t  a1 1977). B a r t l e t t  -* 9 - -* 
(1970a) administered 1% t h i o u r a c i l  and L-thyroxine (10-20 gm) d a i l y  t o  

two separate groups o f  4 week o l d  male r a t s  for  20 days. Both t h i o u r a c i l  

and L-thyroxine a l t e r  t hy ro i d  funct ion,  therefore  change the oxygen 

consumption o f  the animal; t h i o u r a c i l  reduced oxygen consumption by 26% 

and L-thyroxine increased O2 consumption by 35% (mL/min 

STPD/100 gm body weight).  Nei ther group demonstrated a change i n  

spec i f i c  lung volume, a lveo la r  surface area, a lveo la r  number o r  mean 

a lveo lar  diameter. There were s i g n i f i c a n t  d i f ferences between c o n t r o l  

and t h i o u r a c i l  t rea ted  r a t s  i n  spec i f i c  lung weight and d i f ferences 

between t h i o u r a c i l  and L-thyroxine t reated groups i n  s p e c i f i c  a lveo lar  

number. B a r t l e t t  suggested t h a t  a longer study per iod may have produced 

d i f f e r e n t  resu l t s .  Another p o s s i b i l i t y  was t h a t  the  lungs were 

i n s e n s i t i v e  t o  the t hy ro i d  hormones. Weiss (1957) demonstrated the 

oxygen consumption of lung t i ssue  from hypothyroid r a t s  t o  be no 

d i f fe ren t  from t h a t  o f  normal cont ro ls .  

B u r r i  e t  a l .  (1976) invest igated the e f f e c t s  o f  a l t e red  O2 

consumption on lung growth by administer ing i m i n o , $ ~  - d i p r o p i o n i t r i l e  

(ICPN) an inducer o f  increased oxygen consumption per minute (\jo2). 

Three i n t r ape r i t onea l  i n j e c t i o n s  o f  IDPN manifest a hyperk inet ic  syndrome 

cons is t ing  o f  choreoathetot ic  movements i n  normal whi te mice a f t e r  5 

days. IDPN increased s p e c i f i c  V02 by 50% a f t e r  a per iod o f  4 months. 

Spec i f i c  lung volumes were a lso increased by 23%. I n  a subsequent paper, 

IDPN treatment induced a reduct ion i n  a i r  space volume densi ty and an 

increase i n  t i ssue  and c a p i l l a r y  volume by 15% i n  mice (Hugonnaud e t  al., 

1977). A 15% increase was a lso demonstrated i n  a lveo la r  and c a p i l l a r y  
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s u r f a c e  a r e a s  which were i n  t u r n  r e f l e c t e d  i n  a 40% i n c r e a s e  i n  t h e  

morphometric d i f f u s i o n  capac i ty .  Hugonnaud e t  al .  (1977) concluded t h a t  -- 
t h e r e  was a p o s s i b l e  a l t e r a t i o n  i n  t h e  s e p t a 1  morphology, probably a 

l eng then ing  and c o r r u g a t i o n  o f  t h e  i n t r a l v e o l a r  s e p t a .  

Use o f  IDPN f o r  i n c r e a s i n g  oxygen consumption has  a number o f  

d i sadvantages .  The mechanism of  t h e  drug remains obscure.  IDPN is  known 

t o  be a powerful l a thyrogen  which e f f e c t s  t h e  nervous system and has  

s i g n i f i c a n t  e f f e c t s  on o v e r a l l  growth. I t  a l s o  causes  abnorma l i t i e s  i n  

t h e  s k e l e t a l  system, r e t i n a l  v a s c u l a t u r e ,  p l a t e l e t  aggrega t ion  and 

connec t ive  t i s s u e  metabolism (Ba r t  l e t t  and Areson, 1978 ) . The 

p o s s i b i l i t y  o f  an e f f e c t  o f  IDPN on t h e  connec t ive  t i s s u e  metabolism b f  

t h e  developing lung  would tend  t o  c a s t  some doubt on t h e  use  o f  t h i s  drug 

t o  s tudy  e f f e c t s  o f  i nc reased  V02 on lung development. . 
The use  of  c o l d  exposure t o  induce an i n c r e a s e  i n  V02 e l i m i n a t e s  

problems a s s o c i a t e d  with drug s i d e  e f f e c t s ,  bu t  i n t r o d u c e s  o t h e r  f a c t o r s  

which must be taken  i n t o  account when i n t e r p r e t i n g  r e s u l t s .  Thomson 

(1980) exposed 6 week o l d  male hamsters  t o  4 -5 '~  f o r  28 days and 

recorded  a 26% i n c r e a s e  i n  O2 consumption, a 24% i n c r e a s e  i n  

r e s p i r a t o r y  s u r f a c e  a r e a ,  a 30% i n c r e a s e  i n  lung  volume, and a 21% 

i n c r e a s e  i n  t o t a l  a l v e o l a r  number. To ta l  DNA l e v e l s  were a l s o  30% h ighe r  

t han  c o n t r o l  va lues .  I n  an e a r l i e r  s tudy ,  Gehr e t  a l .  (1978) r a i s e d  4 -- 
week r a t s  f o r  3 weeks a t  l lOc ambient t empera ture  r e s u l t i n g  i n  a ;02 

i n c r e a s e  o f  64%, and an i n c r e a s e  i n  s p e c i f i c  lung volume o f  24% due t o  an 

i n c r e a s e  i n  a i r  volume of 26%. Also r epo r t ed  was a 13% i n c r e a s e  i n  

c a p i l l a r y  blood volume, 19% i n c r e a s e  i n  t i s s u e  volume, and an 18% 

i n c r e a s e  i n  s p e c i f i c  s u r f a c e  a r e a .  I t  was shown i n  a r e c e n t  s tudy ,  t h a t  



cold exposure i n  2 t o  4 week old guinea pigs resulted in  rapid increases 

i n  lung volume, alveolar surface area and capi l lary surface area. 

However, t h i s  i n i t i a l  acceleration i n  lung development d i d  not pers i s t ,  

and s imilar  pulmonary dimensions existed i n  adult cold exposed animals 

when compared to  controls (Lechner and Banchero, 1980). 

The relationship between lung s ize  and increased whole body oxygen 

demand has also been studied i n  Japanese Waltzing Mice (JWM)(Geelhar and 

Weibel, 1970). These animals a re  kept in  a continous waltzing motion due 

t o  a genetic defect of t h e i r  vestibular apparatus, t h i s  demands an 80% 

increase i n  O2 supply/100 gm body weight compared t o  control mice of a 

different  species. Measurements on the dimensions of the pulmonary gas 

exchange apparatus and the pulmonary diffusion capacity were calculated 

morphometrically i n  such animals. Results indicated tha t  the alveolar 

and capi l lary surface area and the capillary volume of JWM were 60% 

larger than those of normal mice. Geelhar and Weibel (1970) f e l t  t h i s  

reflected a reduction i n  the s i ze  of alveoli  and an increase i n  the i r  

number. The air-blood bar r ie rs  were also noticably thinner i n  JWM which 

contributed to  t h e i r  higher diffusion capacities over controls. In 

contrast  t o  these interpretat ions,  Hugonnaud -- e t  a l .  (1977) suggested tha t  

the thin a i r  blood bar r ie rs  of JWM could be the r e su l t  of a genetically 

fixed adaptation due t o  select ion,  rather than a modification. 

Bar t le t t  and Areson (1978) attempted t o  eliminate the variable of 

evoluntionary adaptation i n  the JWM model by comparing lung dimensions of 

JWM w i t h  t he i r  phenotypically normal l i t termates ,  instead of normal lab 

mice. Body weights, lung volumes, surface area and alveolar number were 

measured i n  both groups as  well as  in  normal laboratory mice. When 
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expressed r e l a t ive  t o  body weight, there was no s ignif icant  difference 

between the lung volume and surface area and number of alveoli  between 

the waltzing mice and normal l i t termates.  Conflicting r e su l t s  t o  those 

of Geelhar and Weibel (1970) may have arisen due t o  the difference in  

ages of animals used i n  the two studies. Geelhar and Weibel (1970) used 

8 week old r a t s  whereas Bar t le t t  and Areson (1978) used 12 week old 

animals. Discrepancies could also have arisen due t o  differences i n  lung 

fixation procedures. 

From the l i t e r a t u r e  it is evident tha t  the timing of manipulative 

interference i n  lung growth is of great importance i n  the degree to  which 

l u n g  s t ructure i s  altered. Burri and coworkers .(Burri e_t g . ,  1974) 

reported three d i s t i n c t  postnatal periods i n  the r a t  lung which are  

presumed t o  be s imilar  i n  a l l  mammals w i t h  differences only i n  the timing 

of events (Burri and Weibe1,-1977; Vaccaro and Brody, 1978; Brody and 

Vaccaro, 1979). The f i r s t  4 days const i tute  a period of lung expansion 

when lung volume increases, resulting i n  an 87% enlargement of existing 

airspaces. Morphometric data has suggested that  l i t t l e  t i s sue  is added 

during t h i s  phase (Burri e t  a l .  , 1974). However, Amy -- e t  a l .  (1977) 

reported a rapid increase i n  lung weight a f t e r  the f i r s t  24 hours while 

Das and Thurlbeck (1979) reported an increase i n  the r a t e  of 3~ 

thymidine incorporation in to  DNA. These l a t t e r  s tudies  would tend t o  

refute the argument tha t  there is no t i ssue  added during t h i s  phase. 

Lung expansion is followed by the period of t i ssue  proliferation 

from days 4 to  13 which i s  characterized by the subdivision of primary 

saccules in to  alveoli .  Primary saccules a re  the smallest peripheral 

uni ts  i n  r a t  and mouse lungs. They are  simple tubular components longer 
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than they are  wide, lined with type I and type I1 alveolar epithelium, 

charac ter i s t ica l ly  w i t h  a double capi l lary layer i n  the i r  walls (Short, 

1952; Weibel, 1967; Burri, 1974). These cap i l l a r i e s ,  one from each 

saccule, eventually fuse t o  form a single capi l lary.  The subdivision of 

primary saccules during t h i s  phase increases alveolar and capillary 

surface areas. Alveolar surface area increases t o  the 1.6 power of lung 

volume (Burri - e t  -- a1 9 1974). I f  the lung grew by expansion without 

prol i ferat ion the alveolar surface area would increase to  the 2/3 po~wer 

of the change i n  volume (Brody and Thurlbeck, 1984, i n  press) .  

The division of primary saccules is  accomplished by secondary 

cres ts .  These are  characterized by e l a s t i c  f ibre ,  with attached collagen 

and basal lamina a t  the f ree  margins. The c res t s  contain a single 

capi l lary and numerous i n t e r s t i t i a l  c e l l s  including type I1 c e l l s  which 

contain the surface active phospholipid t sur fac tant l  (Brody and 

Thurlbeck, 1984, i n  press).  The e l a s t i c  f ib re  seems to  play an important 

ro le  i n  the formation of a lveol i .  Their appearance in  newborns has been 

compared t o  that  of a "fishnetv (Emery, 1970; Emery and Fagan, 1970) "the 

apertures of which form the mouths of a lveol in (Emery and Fagan, 1970). 

The f ina l  period of equilibrated growth is described from day 13 

through t o  adulthood. I n i t i a l l y ,  there is a period o f  t i s sue  mass 

re-distribution w i t h  septa1 lengthening and a further increase i n  

alveolar and capillary surface area (Burri - e t  -. a1 9 1974). There is an 

increase i n  the l a t t e r  t o  the 0.71 power of lung volume, close to  the 

value of 2/3 which would indicate  growth by simple distension. There is  

an overal l  slowing of the increase i n  lung volume t o  the 0.7 power of 

body weight as compared t o  0.99 power in  the previous phase (Brody and 
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Thurlbeck, 1984, i n  press). The onset of the equ i l i b ra ted  growth phase 

was found t o  be between 4 and 14 weeks i n  the r a t  (Holmes and Thurlbeck, 

1979). These inves t iga to rs  a lso ind ica ted  a lveo la r  m u l t i p l i c a t i o n  may 

continue t o  133 days of age i n  the r a t  (Weibel, 1967) bu t  the ma jo r i t y  o f  

lung growth between 10 and 14 weeks i s  by simple expansion (Buhain and 

Brody, 1973; Holmes and Thurlbeck, 1979). 

Recently, Lechner and Banchero (1982) repor ted t ha t  guinea p i g  

lungs appeared t o  be i n  the equ i l i b ra ted  growth phase a t  b i r t h  wi th .no 

postnata l  per iod of pronounced t i s sue  p r o l i f e r a t i o n ,  although some t i ssue  

i s  presumably added. This slower increase i n  t i s sue  mass i s  accompanied 

by enlargement of a i r  spaces. Up u n t i l  t h i s  t ime there had been a 

tendency t o  presume tha t  postnata l  lung growth i n  mammals general ly  

resembled t h a t  i n  the r a t  ( B u r r i  and Weibel, 1977; B a r t l e t t ,  1972; 

Vaccaro and Brody, 1978; Brody and Vaccaro, 1979). I n  t h i s  study, there 

i s  a suggestion t h a t  lung development i n  guinea p i gs  d i f f e r s  from the 

pa t t e rn  i n  the neonatal r a t .  Structures resembling the pre-alveolar 

saccules of newborn r a t s  were no t  observed, even 10 days pre-term i n  

guinea pigs.  The a i r  blood b a r r i e r s  appeared mature by 7 days preterm 

and the double c a p i l l a r y  layers  were only r a r e l y  seen i n  septa1 walls. 

This tends t o  confirm the hypothesis o f  Engle (1953) t h a t  the degree o f  

i n t e r n a l  complexity o f  a mammal's lung a t  b i r t h  r e f l e c t s  the o v e r a l l  

a c t i v i t y  and matur i ty  a t  b i r t h .  Guinea p igs  are born with w e l l  developed 

locomotion, r i g h t i n g  re f l ex ,  f u r  covering, eyes open and become 

independent of the mother a f t e r  a few days. 

For rest  and Weibel (1975) studied the mature guinea p i g  lung 

morphometrically. The only d i f fe rence  reported between guinea p i g  lungs 



- 10 - 
and o the r  mammalian lungs were t h e  q u a n t i t a t i v e  d i f f e r e n c e s  i n  the  mass 

o f  connect ive t i s s u e  i n  t h e  a i v e o l a r - c a p i l l a r y  b a r r i e r s .  They suggested 

t h a t  t h e  l e v e l  o f  p h y s i c a l  a c t i v i t y  o r  oxygen requirements may be an 

adapt ive f a c t o r  determining t h e  s i z e  o f  t h e  gas exchange apparatus. 

Recent s t u d i e s  have shown t h a t  t h e  main morphometric parameters o f  t h e  

pulmonary gas exchange apparatus, namely a l v e o l a r  sur face area, c a p i l l a r y  

volume and d i f f u s i o n  capac i ty  o f  oxygen, a l l  sca le  l i n e a r l y  w i t h  body 

weight (Gehr e t  al . ,  1981; Taylor  - e t  -* a1  9 1980). These f i nd ings  are  i n  

c o n f l i c t  w i t h  those o f  Tenney and Remmers (1963) who had found t h a t  

a l v e o l a r  sur face area was l i n e a r l y  r e l a t e d  t o  V02 The d i f fe rences 

seem t o  a r i s e  due t o  the  s e l e c t i o n  o f  animals. '  Tenney and Remmers 

inc luded b o t h  t e r r e s t r i a l  and marine mammals, whereas t h e  more recent  

s tud ies  have considered on ly  t e r r e s t r i a l  mammals. C lear ly ,  t he  f a c t o r s  

determining lung  growth and development a re  complex, r e l a t i n g  i n  p a r t  t o  

t h e  age, body weight, and t h e  metabol ic  requirements o f  t h e  mammal. 

1.3. Rat iona le  

I n  conclusion, t h e  o b j e c t i v e  o f  t h i s  study i s  t o  determine whether 

o r  n o t  d a i l y  endurance exerc ise  has an e f f e c t  on t h e  dimension o f  t h e  

r e s p i r a t o r y  u n i t s  i n  guinea p i g  lungs. A f u r t h e r  o b j e c t i v e  i s  t o  add t o  

t h e  a l ready e x i s t i n g  knowledge o f  normal l ung  development i n  t h e  guinea 

p i g  and con f i rm  whether o r  n o t  t h e  ma tu r i t y  o f  t he  guinea p i g  a t  b i r t h  

and s h o r t l y  the rea f te r ,  p a r a l l e l s  a s i m i l a r  m a t u r i t y  i n  l u n g  development. 
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11. REVIEW OF THE LITERATURE 

The lungs f i r s t  appear as an outgrowth from the foregut which 

d iv ides  i n t o  two, t o  form the main airway t o  each lung. This airway then 

branches w i t h i n  i t s  enclosing mesenchyme t o  form the lung. The events 

t ha t  t ransform t h i s  simple branched tube embedded i n  mesenchyme i n t o  the 

complex maze o f  smal l  a i r  chambers surrounded by cap i l l a r i es ,  continue 

through from ear l y  embryonic l i f e ,  we l l  i n t o  the postnatal  per iod ( B u r r i  

and Weibel, 1977). 

The most extensive account t o  date, of events i n  lung growth and 

development both p rena ta l l y  and pos tna ta l l y  apply t o  the r a t  ( B u r r i  e t  - 
g. , 1974). However recent work on mice, rabbi ts,  dogs, guinea p igs  and 

humans has demonstrated s i m i l a r  stages of development t o  the ra t ,  which 

d i f f e r  on ly  i n  the t iming of the event. B i r th ,  although a p a r t i c u l a r l y  

c r i t i c a l  event for  the lung, does no t  appear t o  mark a s p e c i f i c  po in t  i n  

the t ime sequence of lung development. However fo r  purposes o f  t h i s  

review i t  was convenient t o  separate prenatal  events from post-natal 

events. 

2.1 Prenatal  Development 

The lower resp i ra to ry  system begins t o  develop, on day 26 a f t e r  

ovu la t ion i n  humans (Boyden, 1977). I t  i s  f i r s t  ind icated by a median 

laryngotracheal  groove i n  the endodermal tube which evaginates t o  form 

the lung bud which then branches i n t o  two buds a t  26 t o  28 days 

gestat ion. These endoderrnal buds, together with the surrounding 
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splanchnic mesenchyme, d i f f e ren t i a te  i n t o  the bronchi  and proximal p a r t  

o f  the resp i ra to ry  tree. This f i r s t  stage o f  lung development i s  termed 

the embryonic per iod and l a s t s  from day 26 t o  day 52 i n  humans (Boyden, 

1977). 

Fol lowing the embryonic per iod i n  man and other species ( ra t ,  

rabb i t ,  sheep, guinea pig,  opossum) three phases o f  lung development are 

recognized. These stages are a) pseudoglandular, dur ing which the 

preacinar branching of airways i s  establ ished b) canal icu lar ,  when . 

mesenchyme rap id l y  increases and the resp i ra to ry  po r t i on  o f  the lung 

develops and c )  a lveolar,  when the func t iona l  u n i t  o f  the lungs, the 

a l v e o l i  are formed from secondary subdiv is ion o f  the saccular spaces by 

septae (Loos l i  and Potter ,  1951; Boyden, 1972; Dubre i l  - e t  -. a1 9 1936). 

These stages have been described by several invest igators ,  however 

durat ion of each stage and terminology may d i f f e r  from inves t iga to r  t o  

inves t iga to r  and the t r a n s i t i o n  from stage t o  stage i s  gradual. The 

a lveo lar  stage i s  thought by some inves t iga to rs  t o  take place only a f t e r  

b i r t h  (Dubre i l  - e t  -* a1 ' 1936; Boyden, 1972). 

The pseudoglandular (or  g landular)  per iod l a s t s  from 6 weeks t o  

approximately 4 months gestat ion i n  the human and from day 12 t o  day 18 

a f t e r  conception i n  the r a t  ( B u r r i  and Weibel, 1977). The lung buds 

continue t o  subdivide by dichotomous branching, s p e c i f i c a l l y  between the 

10th and 16th week of gestat ion i n  humans when 65 t o  75 percent o f  

bronchia l  branching occurs (Brody and Thurlbeck, 1984, i n  press). A t  

t h i s  stage, the lung has a d i s t i n c t l y  glandular appearance with airways 

l i n e d  by columnar e p i t h e l i a l  c e l l s  containing glycogen, separated from 

each other  by p r i m i t i v e  mesenchyme (Thurlbeck, 1975). By the end o f  16 
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weeks, b r o n c h i a l  and b r o n c h i o l a r  development is  comple te  a s  f a r  a s  t h e  

t e r m i n a l  b r o n c h i o l e s  (Buchner and Reid 1961). I n  t h e  e a r l y  

pseudoglandula r  s t a g e ,  t h e  n u c l e i  i n  t h e  columnar e p i t h e l i a l  cells  a r e  

v a r i a b l e  i n  s i z e  and s h a p e ,  showing one o r  two prominent  n u c l e o l i ,  and 

f r e q u e n t  m i t o t i c  f i g u r e s .  Towards t h e  l a t t e r  p a r t  o f  t h i s  phase ,  t h e  

t u b u l a r  e p i t h e l i u m  becomes c u b o i d a l  and n u c l e i  a p p e a r  s p h e r i c a l .  The 

b a s a l  s u r f a c e  o f  t h e  e p i t h e l i u m  is d i s t i n c t  from t h e  mesenchyme by a 

narrow basement membrane d u r i n g  a l l  t h r e e  p o s t  embryonic s t a g e s ,  however, 

a p p e a r s  t o  be i n t e r r u p t e d  i n  t h e  pseudoglandula r  phase  ( B u r r i  and Weibel, 

1977). 

The c a n a l i c u l a r  s t a g e  o c c u r s  from t h e  17th week t h r o u g h  t o  2 6 t h  

week o f  g e s t a t i o n  i n  humans, and from day 18 t o  20 i n  t h e  rat.  T h i s  

s t a g e  is c h a r a c t e r i z e d  by t h e  p r o l i f e r a t i o n  o f  mesenchyme and a s s o c i a t e d  

blood s u p p l y ,  t o g e t h e r  w i t h  a f l a t t e n i n g  o f  t h e  e p i t h e l i u m  t h a t  l i n e s  t h e  

a i rways .  The e p i t h e l i u m  t a k e s  on a n  i r r e g u l a r  appearance  i n  terms o f  

t h i c k n e s s ,  and c e l l u l a r  c o n t i n u i t y  may o n l y  be  a p p a r e n t  a t  ce l l  b a s e s  

(Thur lbeck ,  1975).  The g r a d u a l  t h i n n i n g  o f  e p i t h e l i a l  l i n i n g  and 

p r o t r u s i o n  of  c a p i l l a r i e s  r e s u l t s  i n  t h e  c l o s e  p rox imi ty  o f  c a p i l l a r y  

lumen t o  a i rway  s u r f a c e  i n  many areas. C a p i l l a r y  beds  d e v e l o p e  around 

each  airway o r  s a c c u l e .  A s  t h e  s a c c u l e s  approach e a c h  o t h e r ,  and t h e  

i n t e r s t i t i u m  t h i n s ,  t h e  s a c c u l e  walls deve lop  a double  c a p i l l a r y  l a y e r  - 
one from e a c h  s a c c u l e .  The s a c c u l e s  are v e r y  s i m p l e  s t r u c t u r e s ,  and 

c o n t i n u e  t o  branch,  deve lop ing  a ' s aw- too th1- l ike  appearance  (Brody and 

Thurlbeck,  1984, i n  p r e s s ) .  

The c a n a l i c u l a r  p e r i o d  is i m p o r t a n t  b iochemica l ly  f o r  t h e  s y n t h e s i s  

o f  l e c i t h i n  and t h e  fo rmat ion  of a s u r f a c e - a c t i v e  m a t e r i a l .  T h i s  
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surface-act ive substance o r  sur fac tant ,  l i n e s  the  airspaces and a t  b i r t h  

decreases tension a t  the a i r - l i q u i d  i n t e r f a c e  and f a c i l i t a t e s  lung 

expansion (Boyden, 1977). C l i n i c a l  evidence and autopsy s tud ies  (Brumley 

e t  a1  1967) have ind ica ted  t h a t  sur fac tant  does no t  appear i n  - - 
s u f f i c i e n t  quan t i t y  t o  susta in  a l veo la r  s t a b i l i t y  u n t i l  24 t o  26 weeks 

ges ta t ion . '  The appearance o f  sur fac tant  coincides w i t h  t h a t  o f  type I 

and type I1 a lveo la r  e p i t h e l i a l  c e l l s ,  along w i t h  occassional osmiophi l ic  

bodies i n  the type I1 c e l l s  (Campiche, 1963). Resp i ra t ion can be . 

maintained dur ing t h i s  period. A t  t h i s  p o i n t  i n  l ung  development, b i r t h  

occurs i n  r a t s  and mice, whose lungs lack  a l v e o l i  a t  b i r t h  (Bur r i ,  1974; 

B u r r i  - e t  -* a1 7 1974; Amy - e t  -* a1 3 1977). The i n t e r s t i t i u m  o f  mice and r a t  

lungs i s  a l so  th inner  and the septa1 d i v i s i ons  longer and th inner  than i n  

human lungs of 28 weeks gesta t ion (Brody and Thurlbeck, 1984, i n  press). 

The t h i r d  stage o f  lung development has been c l a s s i f i e d  as the 

a lveo la r  stage by Dubre i l  e t  al., (1936) and L o o s l i  and Po t t e r  (1951), as 

the  te rm ina l  sac per iod by Boyden 1972, and a combination o f  a saccular 

phase fo l lowed by a lveo lar  phase by Brody and Thurlbeck (1984, i n  

press). There i s  controversy over the durat ion o f  t h i s  stage i n  the 

l i t e r a t u r e .  Dubre i l  - e t  -* a1 f (1936), c l a s s i f i e d  a lveo la r  development only 

a f t e r  b i r t h ,  L o o s l i  and Po t te r  (1951) between 6 months ges ta t ion  and 

b i r t h ,  Boyden (1972) a f t e r  b i r t h  and Thurlbeck and Brody (1984, i n  press) 

from 28 weeks gesta t ion (28 weeks t o  36 weeks - saccular phase) up t o  2 

years pos tna ta l  (36 weeks t o  2 y r s  - a lveo lar  phase). 

The per iod from 28 t o  36 weeks i s  character ized by the  appearance 

of smal l  low subdivisions i n  the saccules which elongate and produce 

smal l  a i r  spaces. These may have a double c a p i l l a r y  l a y e r  ajacent t o  
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them. Ry 32 weeks gestat ion, a lveo la r - l i ke  s t ructures can be found i n  

almost a l l  lungs and a l v e o l i  are d e f i n i t e l y  present a t  36 weeks (Brody 

and Thurlbeck, 1984, i n  press). Generally, i nves t iga to rs  have observed a 

great v a r i a b i l i t y  i n  number o f  a l v e o l i  present a t  b i r t h .  Langston and 

Thurlbeck (1982) found a mean o f  55 m i l l i o n  and a range of 10-149 

6 mi l l i on .  Dunn i l l  (1962) found 20 x 10 i n  one i n fan t ,  Hieronymi (1960; 

1961) reported 70 x l o 6  and Thurlbeck and Angus (1975) found 71 x l o 6  

a l v e o l i  a t  b i r t h .  Other inves t iga to rs  have reported t h a t  a l v e o l i  were 

absent a t  b i r t h  i n  humans and the u n i t s  i n  question were saccules (His lop 

and Reid, 1974). However t h i s  was based on a case study where the i n f a n t  

i n  question was below the 3rd percen t i l e  i n  body weight. 

Reasons for  these discrepancies could be a normal b i o l o g i c a l  

v a r i a t i o n  between in fants ,  d i f f i c u l t y  i n  recognizing and de f in ing  an 

alveolus o r  due t o  d i f f e r e n t  methods o f  prepar ing lung t i ssue  f o r  

quan t i t a t i ve  assessment (Thurlbeck, 1975). Recent studies have also 

shown t h a t  pulmonary hypoplasia wi thout associated congeni ta l  

abnormali t ies such as rena l  agenesis and diaphragmatic hern ia  may be more 

frequent than general ly thought (Swischuk - e t  we a1 1979; Wigglesworth e t  - 
a1 1981; Page and Stocker, 1982). Wigglesworth and Desai (1982) have -= , 
pointed out  the c r i t i c a l  r e l a t i onsh ip  between normal lung growth and 

amount o f  amniotic f l u i d  on in t ra -u te r ine  resp i ra t ion ,  which i n  t u r n  are 

inf luenced by catecholamines, smoking, maternal hypoglycemia, a lcohol  and 

barbi turates.  The wide v a r i a t i o n  i n  alveolar number a t  b i r t h  between 

i nd i v i dua l s  may represent t h i s  s e n s i t i v i t y  t o  ex te rna l  s t i m u l i  (Brody and 

Thurlbeck, 1984, i n  press). 

Vascular izat ion of the  lung occurs i n  a cen t r i pe ta l  fashion w i th  
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the f i n a l  stage being extension of vessels along the resp i r a to r y  

bronchioles (Perlman e t  al. ,  1981). The preacinar blood vessels fo l l ow 

the development o f  the airways, whereas in t ra -ac inar  a r t e r i e s  and veins 

develope i n  p a r a l l e l  w i t h  the a l veo l i .  The main pulmonary veins develope 

l a t e r  than a r t e r i e s  but  the main pa t te rn  o f  vessels connecting hear t  and 

lungs as w e l l  as ductus a r te r iosus  i s  establ ished by the 7 t h  week 

(Perlman - e t  -* a1 9 1981). From the 7 th  t o  16th week, the main feature o f  

a r t e r i a l  growth i s  an increase i n  the number o f  branching, so by the  end 

of the 16th  post conceptual week, a l l  pre-acinar vessels are present and 

w i l l  continue t o  grow i n  length  and s ize  only, whi le  new vessels appear 

i n  in t ra -ac inar  regions. During f e t a l  l i f e ,  blood vessel diameters 

increase a t  a greater r a t e  prox imal ly  than d i s t a l l y  i n  cont rast  t o  

postnata l  growth. A r te r ies  are a l so  more muscular and veins less  

muscular i n  f e t a l  lungs, compared t o  the mature lung (His lop and Reid, 

1973). 

The development of the pulmonary nervous system fo l lows  the 

appearance o f  the s t ruc tures t h a t  i t  innervates. These s t ruc tu res  

inc lude per i chondr ia l  t issue,  e p i t h e l i a l  and special ized c e l l s  o f  the 

resp i r a to r y  passages, mucous glands (appear between 12 weeks and 13 weeks 

and continue t o  grow u n t i l  28 weeks), smooth muscle c e l l s  o f  the trachea, 

bronchi  and termina l  u n i t s  and smooth muscle c e l l s  o f  the blood vessels 

and lymphatics (Loos l i  and Hung, 1977). 

2.2 Postnata l  Development 

Postnata l  development o f  the human lung has been shown t o  comprise 
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the  f i n a l  phase of lung development - the a lveo la r  phase (Dubre i l  - e t  -- a1 7 

1936; Emery and Mi tha l ,  1960; Dunn i l l ,  1962; Boyden and Tompsett, 1965; 

Emery and Wilcock, 1966; Reid 1967; Davies and Reid, 1970; Thurlbeck and 

Angus, 1975; Langston and Thurlbeck, 1982). Postnata l  a l veo la r  

development has a lso  been described i n  r a t s  (Neuhauser and Dingler ,  1962; 

Neuhauser, 81962; Weibel, 1967; B u r r i  - e t  -* a1 9 1974), mice (Amy - e t  -* a1  

l977),  r a b b i t s  (Engle, 19531, ca t s  (Engle, 1953; D ing ler ,  l958),  and dogs 

(Boyden and Tompsett, 1961). Generally i n  r a t s  and mice, dur ing the 

f i r s t  24 hours there  i s  l i t t l e  change i n  lung  weight (Amy - e t  -* a1 1977) 

3 o r  lung volume (Short, 1951) w i t h  n e g l i g i b l e  r a tes  o f  H-thymidine 

incorpora t ion  i n t o  DNA for  the f i r s t  few days (DIHare and Towne, 1970; 

Kaufman - e t  we a1 7 1974; Crocker - e t  -* a1  7 1970). The lungs then increase 

r a p i d l y  i n  weight (Amy e t  a l . ,  1977; N i j j a r ,  1979) and r a t e  o f  

3~ - t hym id i ne  incorporat ion i n t o  DNA (Das and Thurlbeck, 1979). A 

common cha rac te r i s t i c  growth p a t t e r n  has emerged from these postnata l  

s tudies,  comprised of th ree d i s t i n c t  stages, 1) a phase o f  lung 

expansion, where increase i n  lung volume i s  due t o  a ga in  i n  the volume 

of a i rspaces 2 )  a phase of t i s sue  p r o l i f e r a t i o n  when a lveo la r  surface 

area increases and 3) a phase o f  propor t ionate  growth where the ma jo r i t y  

o f  a l v e o l i  have been formed and growth cons is ts  o f  enlargement o f  

e x i s t i n g  s t ruc tu res  ( B u r r i  - e t  -- a1 , 1974). I n  the  r a t  lung,  the f i r s t  

stage, as measured by change i n  l ung  volume shows lung volume t o  increase 

p ropo r t i ona l l y  w i t h  body weight, dur ing the  f i r s t  10 days, then i t  

increases t o  the power 0.7 o f  body weight the rea f te r .  Th is  b iphasic 

pa t t e rn  o f  volume s h i f t  suggests t o  some i nves t i ga to r s  t h a t  lung growth 

a f t e r  b i r t h  i s  a funct ion o f  chest growth and fo l l ows  t h i s  growth 
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passively by an increase i n  r es i dua l  volume (RV). This increase i n  RV 

could then t r i g g e r  the p r o l i f e r a t i o n  o f  c e l l s  a f t e r  10 days (Bu r r i  and 

Weibel, 1977). The durat ion of a lveo lar  m u l t i p l i c a t i o n  appears t o  be 

var iab le  from i n d i v i d u a l  t o  i n d i v i d u a l  w i t h i n  the same species. Dunn i l l  

(1962) concluded t h a t  a lveo lar  m u l t i p l i c a t i o n  was very r a p i d  i n  the f i r s t  

few years of l i f e  slowing exponent ia l ly  so t ha t  a lveo lar  m u l t i p l i c a t i o n  

i s  slow a t  age 4 years and ceased by age 8 years. Dunn i l l  counted 257 x 

6 10 a l v e o l i  i n  one e igh t  year o ld ,  which was a number c lose t o  the 300 

m i l l i o n  general ly  bel ieved t o  be the adu l t  complement o f  a l veo l i .  Angus 

and Thurlbeck (1972) found however, t ha t  the adu l t  range o f  a l v e o l i  was 

ac tua l l y  va r iab le  between 225 and 600 m i l l i o n  a l veo l i .  Radial  counting, 

a technique f o r  counting a l v e o l i  per acinus has suggested t ha t  a lveo lar  

formation continues u n t i l  somatic growth ceases (Emery and Mithal ,  

1960). A recent study u t i l i z i n g  the r a d i a l  count method suggests a 

s l i g h t  bu t  s i g n i f i c a n t  increase i n  a l veo la r i za t i on  from 2 t o  8 years 

(Cooney and Thurlbeck, 1982). However l a rge r  studies have ind icated such 

wide va r i a t i ons  i n  a lveo lar  number i n  ch i l d ren  t h a t  a d e f i n i t e  statement 

on the cessation o f  a lveo lar  development cannot be made (Thurlbeck and 

Angus, 1975; Thurlbeck, 1982). I n  a recent study, Thurlbeck (1982) 

observed a d i f ference due t o  sex i n  postnata l  lung growth. Alveolar 

dimensions and number of a l v e o l i  per  u n i t  area were s i m i l i a r  between the 

sexes before 5 years o f  age, however boys have bigger lungs f o r  the same 

s ta tu re  than g i r l s .  Lung growth events a t  puberty have no t  been 

adequately studied t o  date, t o  draw any conclusions as t o  the possib le 

d i f fe rences  between sexes a t  a l a t e r  age. 



2.3 Control of Prenatal Lung Growth 

Recent reports have established the importance o f  a t  least  three 

factors i n  cont ro l l ing  lung growth and development i n  l a t e  gestation. 

These include, the d i s to r t i on  of lungs by external  pressure, the amount 

o f  amniotict f l u i d  and lung f l u id ,  and in t ra-uter ine respirat ion. 

Compression of the lung i n  utero has been shown c l i n i c a l l y  (Kitagawa e t  - 
a1 1971; Reale and Easterly, 1973) and experimentally (DeLorimer e t  ,- 7 - 
a1 1967) t o  d is turb lung growth. These invest igators observed ,- 3 

hypoplasia i n  the developing lung associated wi th  diaphragmatic hernia. 

The lung on the side of the hernia was more hypoplastic than the opposite 

side, although the exact nature o f  the hypoplasia i s  s t i l l  i n  dispute. 

Kitagawa - e t  -* a1 9 (1971) considered that  the number o f  a l v e o l i  per acinus 

was normal but the t o t a l  number o f  a l v e o l i  per lung was i n s u f f i c i e n t  

because there were too few acinar uni ts.  These workers also observed 

s ign i f i can t  a l terat ions o f  the bronchial and a r t e r i a l  pathways. Kitigawa 

e t  a1 hypothesized even a f t e r  successful repai r  o f  the hernia, adequate - -- 9 

alveolar mu l t ip l i ca t ion  would not occur. This was confirmed i n  2 case 

studies by Thurlbeck - e t  -- a1 9 (1979). Results indicated tha t  lung volume 

was restored t o  approximately tha t  appropriate f o r  body size, but lung 

st ructure was abnormal a f t e r  successful repai r  o f  diaphragmatic hernia. 

I n  both cases there were fewer and larger a l v e o l i  on the herniated side 

and fewer bronchioles than normal. In terest ing ly ,  i n  one case, the sum 

of the number of a l v e o l i  from r i g h t  and l e f t  lungs was normal, however 

the number i n  the herniated side was almost 50% tha t  i n  the contra latera l  

lung, ind ica t ing  the p o s s i b i l i t y  o f  compensatory alveolar mu l t ip l i ca t ion  
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i n  the con t ra l a te ra l  lung. Reale and Easter ly (1973) us ing the r a d i a l  

count method for assessing lung matur i ty  found decreased counts w i th  

congeni ta l  diaphragmatic hern ia  compared t o  normal values. This 

reduct ion i n  r a d i a l  count however was i n s u f f i c i e n t  t o  account for the 

small  lung volumes, i nd i ca t i ng  a l oss  o f  major un i t s .  Cooney and 

Thurlbeck (~1982) a lso noted a s i gn i f i can t  reduct ion i n  lung volume o f  

con t ra l a te ra l  lungs (41% o f  pred ic ted)  even though the ac inar  component 

o f  the hypoplasia was marginal, i n d i c a t i n g  loss  o f  acinar u n i t s  and. 

hypoplasia o f  the per iphera l  bronchiolar  t ree.  

Conclusions as t o  the cause o f  pulmonary hypoplasia i n  

diaphragmatic hern ia  can be r e f l e c t e d  i n  the technique used t o  measure 

lung matur i ty .  Cooney and Thurlbeck have demonstrated t h a t  i n f l a t i o n  o f  

lungs p r i o r  t o  t i ssue  f i x a t i o n  s i g n i f i c a n t l y  a f f e c t s  r a d i a l  count values 

and t ha t  there i s  an inherent  interobserver e r ro r  i n  the technique. 

Kitagawa - e t  -. a1 3 (1971) and Thurlbeck e t  a1 (1979) i n f l a t e d  the lungs - -* 9 

p r i o r  t o  f i x a t i o n  whi le the lungs were not  i n f l a t e d  by Reale and Easter ly 

(1973). 

Compression o f  the lung i s  a lso  the l i k e l y  cause o f  hypoplasia i n  

reported cases of thorac ic  dystrophy (Finegold e t  a1 1971), - -- 9 

diaphragmatic atrophy (Briggs e t  a1 1973; Goldstein and Reid, 1980), - - , 
and anencephaly (Reale and Easter ly,  1973). I n  anencephaly, the thorax 

i s  c h a r a c t e r i s t i c a l l y  small, shortened o r  abnormal r e s u l t i n g  i n  possib le 

compression o f  the lung. Compression i n  u te ro  due t o  a def ic iency o f  

amniotic f l u i d ,  a conditon known as oligohydramnios may a lso  be the 

mechanism behind pulmonary hypoplasia i n  t h i s  syndrome (Thomas and Smith, 

1974; Perlman and Levin, 1974; Bain e t  a1 1964). The importance o f  - * 9 
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lung f lu id  and amniotic f lu id  i n  normal pulmonary development i n  utero 

has been demonstrated in  tracheal l igat ion and tracheal drainage 

experiments. Tracheal l igat ion i n  sheep performed a t  105-110 days 

gestation produced abnormally large lungs due to  an increase i n  f luid and 

t i ssue  mass. Also i n  these animals, alveolar walls were thinner, type I1 

c e l l s  were +rarely observed and lamellar bodies were diminished therefore 

d i f fe rent ia t ion  d i d  not para l le l  the increased t i ssue  mass. I n  

experiments where the lung fluid was chronically drained a f t e r  l igat ion,  

reverse changes were observed (Alcorn - e t  -. a1 7 1977). 

The oligohydramnios syndrome may be considered somewhat analogous 

to  tracheal drainage experiments. It is often associated w i t h  renal 

agenesis or other renal abnormalities, where lung hypoplasia is a 

charac ter i s t ic  complication. An experimental model of oligohydramnios i n  

which amniotic drainage was performed i n  r a t s  on days 16 and 17 in  

gestation showed a reduction i n  lung weight although histologically 

normal lungs (Symchych and Winchester, 1978). Hypoplasia was also 

indicated by diminished lung volume, lung weight and alveolar number as  

assessed by radial  counting in cases w i t h  renal abnormalities and 

associated amniotic f luid reduction (Hislop - e t  - a1 9 1979; Reale and 

Esterly,  1973; Emery and Mithal, 1950). 

The reverse of oligohydramnios, however, a greater than normal 

amount of amniotic f lu id ,  or polyhydramnios is not necessarily associated 

w i t h  lung enlargement. Hypoplastic lungs from infants  w i t h  

polyhydramnios have been found t o  be s t ructural ly  mature w i t h  normal 

phospholipid concentrations, indicating tha t  amount of amniotic f luid 

during gestation may not be the most important factor regulating lung 
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growth (Wigglesworth - e t  -- a 1  1981; Wigglesworth and Desai ,  1982). 

Evidence e x i s t s  t h a t  i n d i c a t e s  a  p o s s i b l e  i n f l u e n c e  of t h e  kidney 

on lung growth. Hislop - e t  -- a 1  9 (1979) found a  reduced number o f  

p re -ac inar  a i rways and a r t e r i e s  i n  e i g h t  i n f a n t s  wi th  r e n a l  anomalies. 

This  was s i m i l a r  t o  f i n d i n g s  of Reale  and E s t e r l y  (1973) who found t h a t  

lung weights  were abnormal i n  20 p a t i e n t s  with r e n a l  anomalies.  S ince  

most o f  t h e  d i s t a l  a i rways develop i n  humans from t h e  12 th  t o  16 th  week 

g e s t a t i o n ,  it would seem u n l i k e l y  t h a t  amount o f  amnio t ic  f l u i d  would be 

impor tan t  a t  t h i s  time i n  determining lung development. The kidney and 

lung begin  development a t  t h e  same time and it has  been suggested t h a t  

i n s u l t  t o  t h e  embryo a t  t h i s  time may l e a d  t o  a b n o r m a l i t i e s  i n  both 

kidney and lung. This  could e x p l a i n  t h e  c h a r a c t e r i s t i c  o f  lung 

hypoplas ia  with kidney anomalies.  An a l t e r n a t i v e  exp lana t ion  is t h e  

kidney may be d i r e c t l y  involved i n  lung development. An experiment where 

nephro toxins  were i n j e c t e d  i n t o  c h i c k  embryos r e s u l t e d  i n  decreased 

p r o l i n e  and co l l agen  product ion and lung hypoplas ia  (Clemmons, 1977).  

P r o l i n e ,  an  e s s e n t i a l  amino a c i d  i n  lung development, is produced by 

r e n a l  a r g i n a s e  i n  t h e  kidney du r ing  f e t a l  development, whi le  co l l agen  

maybe involved  i n  t h e  budding and branching o f  t h e  lung (Alesc io ,  1973).  

Another proposed mechanism behind c o n t r o l  o f  lung development which 

may encompass t hose  d i s cus sed  is t h e  f o r c e  a s s o c i a t e d  wi th  i n t r a u t e r i n e  

r e s p i r a t i o n .  Compression o f  t h e  l ung  i n  diaphragmatic  h e r n i a  and 

t h o r a c i c  abnorma l i t i e s  d imin ishes  t h e  d i s t e n d i n g  f o r c e  a s  does 

oligohydramnios o r  t r a c h e a l  d r a i n a g e  reduce t h e  d i s t e n d i n g  p re s su re  

(Brody and Thurlbeck, 1984, i n  p r e s s ) .  Wigglesworth - et  -- a 1  , (1977) 

showed t h a t  high s p i n a l  cord  s e c t i o n  i n  f e t a l  r a b b i t s  r e s u l t e d  i n  a  43% 
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loss of lung weight and 16% reduction i n  c e l l  number. I n  another 

experiment, i n jec t i on  o f  tuborcurarine resul ted i n  an 8% loss o f  lung 

weight i n  f e t a l  r a t s  (Moessinger e t  al., 1980). B i l a t e r a l  phrenectomy i n  

f e t a l  sheep halted lung development s t ruc tura l l y  although e p i t h e l i a l  

d i f f e r e n t i a t i o n  appeared normal (Alcorn - e t  - a1 7 1980). These experiments 

ce r ta in l y  point  t o  the importance o f  in t rau ter ine  resp i ra t ion  t o  normal 

prenatal lung growth. 

2.4 Control o f  Postnatal Lung Growth 

In te res t  i n  the t iming o f  lung events hasq lead t o  research i n  the 

a l t e ra t i on  o f  lung events by manipulative techniques postnatal ly as we l l  

as prenatal ly.  Al terat ions i n  the chest wa l l  dimensions, mechanical 

s t retch o f  the lung, humoral inf luences and oxygen consumption have a l l  

been impl icated i n  the contro l  of postnatal lung development (Brody and 

Thurlbeck, 1984, i n  press). Unfortunately, there are few %aturaltl 

experiments pertaining t o  ef fects  on the human lung and such data tha t  

are avai lable are d i f f i c u l t  t o  i n te rp re t  due t o  the wide range o f  normal 

numbers and dimensions known t o  e x i s t  i n  the human lung (Thurlbeck, 

1975). Consequently, the resu l ts  o f  animal experimentation are of ten 

extrapolated t o  man which can never be done wi th  cer ta in ty .  Many 

experiments i n  lung growth manipulation have been performed on the ra t ,  

which may have a s l i g h t l y  d i f f e r e n t  pattern o f  postnatal lung development 

than man due t o  continual enlargement throughout l i f e  which does not 

occur i n  man (Thurlbeck, 1975). 

Pneumonectomy or resection o f  lung t issue i n  rabb i ts  and r a t s  



causes the  remaining lung t o  increase i n  both volume and weight. The 

increase i n  lung weight i s  due t o  a r ap id  c e l l u l a r  p r o l i f e r a t i o n  and 

m u l t i p l i c a t i o n  which begins a few days post-operatively, ceases i n  1 t o  2 

weeks and i s  fas te r  i n  younger animals than o lder  animals. A c loser 

review of the response t o  pneumonectomy i l l u s t r a t e s  an i n i t i a l  response 

of over expansion o f  the remaining lung. This i s  deduced because the 

increase i n  lung t i ssue  i s  less  than the increase i n  lung volume f o r  the 

same period. I n  the dog, overexpansion i s  s l i g h t  a t  f i r s t  and increases 

dur ing the  3rd t o  4 th  week post operat ive ly  (Andrus, 1923; P h i l l i p s  e t  - 
a1 1941). The vacant space i s  p a r t i a l l y  f i l l e d  by the expanding lung, -* 9 

together w i t h  a s h i f t  o f  the mediastinum, e leva t ion  o f  the diaphragm and 

inward movement o f  the chest w a l l  (Andrus e t  a1  1923; P h i l l i p s  e t  al. ,  - * 9 -- 
1941; Edwards - e t  -* a1 9 1939; Heuer e t  a1 1920). - -* 9 

Many inves t iga to rs  have shown tha t  the remaining lung t i ssue  

increases i n  weight and volume a f t e r  lung resect ion so t h a t  the remaining 

t i ssue  approximately matches the weight and volume o f  both lungs o f  

c o n t r o l  animals (Buhain - e t  -* a1  9 1973; Sery e t  a1 1969; Addis, 1928; - - 9 

Cohn, 1938; Cowan and Crystal ,  1975; Na t t i e  e t  a1 1974; Romanova, 1960; - -. 9 

Ta r t t e r  and Goss, 1973). Romanova and coworkers (1967) a l so  showed 

increases i n  DNA and RNA i n  the con t ra l a te ra l  lung, and Buhain and Brody 

(1973) a l so  found t ha t  the amount o f  DNA was increased i n  the opposite 

lung a f t e r  pneumonectomy, although the DNA/RNA r a t i o  was unchanged, 

i n d i c a t i n g  hyperplasia ra ther  than hypertrophy o f  c e l l u l a r  elements. 

Cowan and Crys ta l  (1975) noted a s h i f t  i n  p ro te in  synthesis towards 

col lagen synthesis a f t e r  pneumonectomy, fo l lowed by an accumulation o f  

col lagen. The t o t a l  amount o f  col lagen i n  the con t ra l a te ra l  lung 
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doubled, b u t  i t s  concentrat ion i n  the  lung remained approximately t h e  

same. Cowan (1975) confirmed the  work o f  Romanova e t  a1 (1967) by - -* 
showing synthes is  of RNA and DNA reaching a maximum a t  days 4 and 5 a f t e r  

pneumonectomy and r e t u r n i n g  t o  near l y  normal on day 7. The m i t o t i c  r a t e  

was doubled on days 3 and 4, increased t o  a maximum o f  approximately 5 

t imes norm81 a t  day 5 and was tw ice  normal a t  day 7 i n  one experiment 

(Romanova - e t  = a1  , 1967). 

I n  a s i m i l a r  experiment F i she r  e t  a l .  (1973) showed the  peak.of  t he  -- 
m i t o t i c  response was reached on t h e  6 t h  and 7 t h  post-operat ive days and 

re tu rned  t o  near ly  normal on the  t h e  12th day. This experiment showed 

m i t o s i s  t o  occur p a r t i c u l a r l y  i n  t h e  p leura and c e l l s  r i g h t  below t h e  

p leura.  Buhain and Brody (1973) demonstrated the  response t o  

pneumonectomy d i f f e r e d  between young and o l d  r a t s .  The increase i n  DNA 

be ing g rea te r  i n  younger animals. I n  another experiment, t he  increase i n  

weight occurred fas ter  i n  young r a t s  than i n  o l d  r a t s  and i n  the  l a t t e r ,  

t h e  weight of t he  remaining lung  d i d  not  increase t o  equal t he  weight o f  

b o t h  lungs as was the  case with younger animals ( N a t t i e  - e t  -* a1  9 1974). 

Th is  was n o t  found i n  a s i m i l a r  experiment on guinea p i g s  where c e l l  

m u l t i p l i c a t i o n  occurred on ly  i n  young animals (Gnavi - e t  -- a1 9 1970). 

I t  a lso  appears t h a t  a l l  elements i n  the lung do n o t  share equa l ly  

i n  i t s  expansion a f t e r  pneumonectomy, and a l veo la r  ducts expand more than 

a l v e o l i .  I n  one experiment t h e  t o t a l  lung capaci ty  (TLC) o f  t he  

remaining lung  increased by approximately one t h i r d  i n  a d u l t  r a t s  b u t  

a l v e o l a r  volume increased on ly  14% and a lveo lar  duct volume 34% (Buhain 

and Brody, 1973). I n  rabb i t s ,  a l v e o l a r  volume formed on ly  32% o f  t h e  

l u n g  volume a f t e r  pneumonectomy, compared t o  40% i n  c o n t r o l  animals. 
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Alveolar duct volumes were 46% t o  47% and 30% t o  32% i n  the 

post-pneumonectomy and control s t a t e s  respectively (Sery e t  a l . ,  1969). 

In young r a t s  a different  response occurred; alveolar volume increased 

s l ight ly  more than alveolar duct volume a f t e r  pneumonectomy (Buhain and 

Brody, 1973). 

Manipulative techniques, other than pneumonectomy also seem t o  have 

a mechanical s t i m u l u s  t o  lung growth. In r a t s ,  injection of wax into the 

pleural cavity decreased the ips i l a t e ra l  lung weight in  r a t s  by 13 to  

21%. Thoracoplasty decreased the ips i l a t e ra l  lung weight by 4 to  6%, 

while phrenic nerve avulsion decreased lung weight by 11 t o  15% (Cohn, 

1938). Alveolar number was not obviously al tered a f t e r  phrenicectomy in  

r a t s  (Cohn, 1940). 

The hypothesis that  mechanical s t retch is  of possible controlling 

influence in  postnatal lung -development has been suggested by Leung and 

coworkers (1977). Smooth muscle c e l l s  grown on an e l a s t i c  membrane were 

measured for collagen and protein synthesis when c e l l s  were a t  r e s t  or 

stretched rhythmically. I t  was found that stretching induced a 25% 

increase i n  collagen synthesis. Whether or not there was a similar 

control of e las t in  synthesis was unclear. While mechanical forces may 

play a ro le  i n  controlling lung growth a f t e r  pneumonectomy there is also 

evidence tha t  a somatomedin-like substance appears in  the blood tha t  has 

the a b i l i t y  t o  make type I1 c e l l s  synthesize DNA i n  culture (Smith, - e t  

a1 1980), indicating a possible humoral factor. ,* 9 

Diminished lung volume is a natural occurrence in some diseased 

s t a t e s  in  man. The lung is an organ which when fully inf lated outside 

the chest,  s t i l l  shows impressions of the heart ,  aorta and superior vena 
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cava. Therefore i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  lungs a re  permanently 

a f f e c t e d  by the  contents and shape o f  the  thorax. The lungs o f  p a t i e n t s  

w i t h  kyphosco l ios is  are  d i s t o r t e d  t o  f i t  i n t o  t h e  deformed thorax and 

main ta in  t h i s  shape ou ts ide  the  body when i n f l a t e d  (Dunn i l l ,  1970; Davies 

and Reid, 1971). D u n n i l l  (1965) found t h a t  t he re  were fewer a l v e o l i  i n  a 

p a t i e n t  with i n f a n t i l e  onset o f  kyphoscol ios is  than another p a t i e n t  w i t h  

onset o f  t h e  disease a t  16 years. He postu la ted t h a t  t h e  e a r l i e r  t h e  

onset o f  disease, t h e  more in te r fe rence  the re  was w i t h  a l v e o l a r  

m u l t i p l i c a t i o n  . Davies and Reid (1971) noted an even g rea te r  d iminut ion  

o f  l ung  volume and o f  number o f  a l v e o l i  i n  4 p a t i e n t s  w i t h  onset o f  

kyphosco l ios is  i n  childhood. 

Despi te t h e  f a c t  t h a t  a decreased space a v a i l a b l e  f o r  development 

a f f e c t e d  t h e  lungs i n  t h i s  way, Davies and Reid d i d  n o t  f e e l  t h a t  t h i s  

was t h e  l i m i t i n g  f a c t o r  i n  p o s t n a t a l  a l veo la r  m u l t i p l i c a t i o n .  Studies o f  

congen i ta l  diaphragmatic he rn ia  showed a severely hypop las t i c  lung with 

t o o  few airways and a r t e r i e s  as w e l l  as too  few a l v e o l i  (Kitagawa e t  al., 

1971; Areechon - e t  -* a 1  1963). I t  appears then, t h a t  t he  t i m i n g  o f  t he  

h e r n i a t i o n  d is turbed p a r a l l e l  development o f  t he  l u n g  from t h a t  pe r iod  on 

and the  pathways t h a t  had a l ready developed were r e l a t i v e l y  normal. 

I n v e s t i g a t o r s  have long  s ince  s tud ied t h e  f u n c t i o n a l  e f f e c t s  of 

h i g h  a l t i t u d e ,  low barometr ic  pressure and hypoxia, however r e l a t i v e l y  

l i t t l e  exper imentat ion has been done on these e f f e c t s  on lung  s t ruc tu re .  

Much data  on t h e  e f f e c t s  o f  decreasing ambient PO2 on l u n g  dimensions 

i s  c o n f l i c t i n g .  B a r t l e t t  (1970b) exposed r a t s  weighing 90 t o  110 gms 

(approximately 4 weeks o f  age) a t  t h e  beginning o f  t h e  experiment t o  

10.4% O2 a t  sea l e v e l  (PO2 o f  approximately 75 mn Hg) f o r  15 days. 



The exposed animals were 19% l i g h t e r  i n  weight than  the  c o n t r o l  animals 

a t  t h e  end of t h e  experiment. The i r  l ung  weights and a l veo la r  sur face 

area, as w e l l  as t h e  t o t a l  number of a l v e o l i  were s l i g h t l y  less,  al though 

n o t  s i g n i f i c a n t l y ,  than those of t h e  c o n t r o l s  and t h e  lung volumes were 

t h e  same. Spec i f i c  l ung  weight and s p e c i f i c  l u n g  volumes were 

s i g n i f i c a n t l y  increased, b u t  s p e c i f i c  a l v e o l a r  sur face area and s p e c i f i c  

number o f  a l v e o l i  were not.  B a r t l e t t  concluded t h a t  "hypoxia had no 

demonstratable e f f e c t  on t h e  measured c h a r a c t e r i s t i c s  o f  lung 

morphologyn. Cunningham and associates (1973, 1974) demonstrated 

c o n f l i c t i n g  r e s u l t s .  They exposed r a t s  a t  b i r t h  and a t  3 and 9 weeks o f  

age t o  12.5% O2 (PO2 of approximately 90 mm Hg) f o r  3 weeks. The 

r e s u l t s  showed a l l  groups of exposed animals were smal ler  than t h e i r  

c o n t r o l  groups a t  t h e  end o f  t h e  p e r i o d  o f  exposure, bu t  t he  ef fect  on 

t h e  organs depended on the  age a t  which t h e  animals were f i r s t  exposed. 

Those exposed t o  hypoxia a t  b i r t h  had an absolute increase i n  hear t  and 

spleen weight,  and t h e  s p e c i f i c  weight o f  every organ studied (lung, 

hear t ,  l i v e r ,  k idney and spleen) was increased. The r e s u l t s  i n  r a t s  

exposed a t  3 and 9 weeks of age were s i m i l a r  t o  each other ;  the  absolute 

l u n g  weight increased, as d i d  t h e  s p e c i f i c  weight o f  hear t  and lungs. 

The t o t a l  l ung  capac i ty  (TLC) was increased i n  a l l  animals exposed t o  

hypoxia and there  was no a l t e r a t i o n  i n  the  e l a s t i c  r e c o i l  p roper t i es  o f  

t h e  lung. Morphometric ana lys i s  was performed on t h e  l e f t  lungs o f  some 

of t h e  animals and r e s u l t s  demonstrated t h a t  r a t s  exposed from b i r t h  

showed more and l a r g e r  a l v e o l i  and a l v e o l a r  duc ts  than the  c o n t r o l  r a t s .  

A l v e o l i  increased p ropor t i ona te l y  more i n  number and l e s s  i n  s i z e  than 

a l v e o l a r  ducts. The number o f  a l v e o l i  and a l v e o l a r  ducts were n o t  
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increased i n  r a t s  exposed a t  9 weeks of age bu t  t h e i r  dimensions were 

enlarged; a lveo lar  ducts increased propor t ionate ly  more i n  volume than 

d i d  the a l veo l i .  Exposure t o  hypoxia f o r  6 weeks ra the r  than 3 weeks d i d  

no t  produce fu r the r  changes. Cunningham and associates concluded t h a t  

hypoxia a f fec ted  lung s t ruc ture .  Because a lveo la r  m u l t i p l i c a t i o n  

appeared to'have occurred i n  the young animals, i t  seems l i k e l y  t ha t  the 

increase i n  lung weight was due t o  hyperplasia o f  c e l l s  r a t he r  than 

hypertrophy. 

Experimentation has been done on the e f f e c t s  o f  h i gh  a l t i t u d e  and 

hypobaric condi t ions on the  lung i n  man and animals. I n  1938, Cohn found 

a 41% increase i n  lung weight i n  r a t s  exposed t o  a pressure o f  500 mm Hg 

l e s s  than atmospheric (PO2 o f  50 mm Hg o r  7% 0 2 )  However, .because 

l a b  animals a t  simulated a l t i t u d e  weigh l e s s  than the appropr iate c o n t r o l  

animals t he  r e s u l t s  are no t  easy t o  i n t e r p r e t .  Spec i f i c  weight o f  the 

lung, hear t  and spleen are a lso increased (Pepelko, 1970). A f u r t he r  

compl icat ion i s  t h a t  pulmonary edema i s  a w e l l  recognized compl icat ion o f  

exposure of  humans t o  h igh  a l t i t u d e ,  so t h a t  edema may account, i n  p a r t  

f o r  the increase i n  lung weight. I n  fac t ,  t h i s  has been suggested t o  be 

the  only reason for  an increase i n  lung weight and dens i ty  o f  r a t s  

s tud ied 1 week a f t e r  exposure t o  a simulated a l t i t u d e  o f  4,200 metres 

( B a r t l e t t  and Remmers, 1971 ) . Tenney and Remmers (1966) concluded t h a t  

the re  was no s t r u c t u r a l  d i f f e rence  between the lungs o f  guinea p i gs  and 

sheep ra i sed  i n  New Hampshire compared t o  the lungs o f  the  same species 

brought up i n  the Andes a t  an a l t i t u d e  o f  4,500 meters. Thurlbeck (1975) 

noted t h a t  c loser  examination o f  t h e i r  data showed t rends f o r  s p e c i f i c  

l ung  volume, a lveo lar  surface area and diameter t o  be l a r g e r  i n  the h igh 
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a l t i t ude  animals. In 1971, Burri and Weibel demonstrated that  r a t s  being 

raised a t  3,450 meters (ambient POp of 100 mHg) from 23 t o  45 days of 

age had specif ic  lung volumes, specif ic  capi l lary volumes and specif ic  

alveolar and capillary surface areas that  were s ignif icant ly larger than 

those of control animals raised a t  570 meters. The high a l t i tude  animals 

were 11% lighter  and the resu l t s  i n  absolute terms were not significantly 

increased although there was a trend i n  t h i s  direction. Bar t le t t  and 

Remmers (1971) showed similar r e su l t s  in  1 month old r a t s  placed i n  a 

hypobaric chamber a t  a simulated a l t i t ude  of 4,200 meters (PO2 of 95 

mmHg) for  3 weeks. There were s ignif icant  increases i n  absolute lung 

volume, surface area and lung weight and specif ic  lung volumes. Specific 

lung weights were increased by approximately one-third. Alveolar 

diameter was largely unchanged despite the large increase in  lung volume, 

suggesting that  alveolar multiplication had occurred. Although alveolar 

surface area increased rather more closely t o  the two th i rds  power of the 

change i n  lung volume than t o  the absolute changes of lung volume, which 

would suggest that  the increase i n  surface area was more by expansion 

than by alveolar multiplication. 

Generally there seems t o  be f a i r ly  good agreement tha t  specific 

lung dimensions increase under simulated or r ea l  high a l t i t ude  conditions 

and in  some cases, absolute dimensions a l so  increase. The a l te ra t ions  

a re  i n  agreement w i t h  those caused by hypoxia, which would be interpreted 

as  brought about by hypoxia however the existance of a factor operating 

especially under hypobaric conditions cannot be excluded. 

In man, there is evidence for  r ea l  s t ruc tura l  differences between 

high and low a l t i tude  dwellers. Hurtado (1932) found measurements of 



chest  cage g i r t h  were l a r g e r  i n  r e s i d e n t s  l i v i n g  i n  t h e  Peruvian Andes. 

The diaphragm muscle was found t o  be anatomical ly  lower and the  v i t a l  

capac i ty  b igger  than those o f  lowlanders o f  comparable s ta ture .  Dempsey 

e t  a 1  (1971), and Gu le r ia  e t  a l . ,  (1971) found r e s i d e n t s  a t  h igh  - -* 9 

a l t i t u d e  t o  have an increased pulmonary d i f f u s i n g  capac i t y  (DLco) 

a t t r i b u t a b l e  t o  a d i f f e r e n c e  i n  t h e  membrane component and increase i n  

t h e  c a p i l l a r y  volume. This cou ld  be i n t e r p r e t e d  as a l a r g e r  a l veo la r  

sur face area due perhaps t o  an increase i n  a l v e o l a r  number. 

Evidence t h a t  hypoxia has an e f f e c t  on l ung  s t r u c t u r e  could 

i n d i c a t e  t h a t  hyperoxic cond i t i ons  may a l s o  have an e f f e c t  as O2 i s  a 

no tab le  l u n g  poison. B a r t l e t t  (1970b) exposed r a t s  (90-110 gms) t o  45.8% 

O2 f o r  15 days. Although these r a t s  weighed s i g n i f i c a n t l y  more than 

t h e  c o n t r o l  r a t s  a t  t he  end o f  t h e  experiment, t h e  absolute lung volumes 

and lung  sur face areas were l e s s  than  the  c o n t r o l  values. Absolute l ung  

weights were n o t  d imin ished and t o t a l  numbers o f  a l v e o l i  were n o t  

decreased, bu t  obviously s p e c i f i c  l u n g  weight and a l v e o l a r  number were 

s i g n i f i c a n t l y  increased. I n  a s i m i l a r  experiment, B u r r i  and Weibel 

(1971) exposed r a t s  from 23 t o  44 days o f  l i f e  t o  O2 a t  a p a r t i a l  

pressure o f  290 mm Hg (45% 02) and found s i m i l a r  r e s u l t s  except t h a t  i n  

t h i s  experiment the re  was no d i f f e r e n c e  between t h e  body weights o f  t h e  

exper imental  and c o n t r o l  animals. Lung volumes were smal le r  with a 

normal d i s t r i b u t i o n  o f  t i s s u e  and a i r ,  thus  a l l  components o f  t he  l ung  

were diminished. 

Much o f  t he  work i n  manipu la t ing  l u n g  growth was done by Brody i n  

t h e  e a r l y  1970's a f t e r  i t  was observed t h a t  l ung  volumes were increased 

approximately 40% i n  male acromegalics. P h y s i o l o g i c a l  da ta  on these 
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lungs suggested la rger  a l v e o l i  b u t  no increase i n  number (Brody, 1970) 

I n te res t i ng l y ,  the lungs i n  female acromegalics were fur ic t iona l ly  

unal tered suggesting a hormonal inf luence. Ja in  - e t  - a1 9 (1973) studied 

the  lungs i n  pa t ien ts  w i th  hypopi tu i tar ism and found the lung volumes 

decreased 20 t o  40% of normal values. 

The morphological events t h a t  co r re l a te  t o  these func t iona l  changes 

have been studied i n  animal experiments. B a r t l e t t  (1971) in jec ted  growth 

hormone i n t o  female r a t s  weighing 250 gm A f t e r  a per iod o f  22 days they 

weighed 298.8 gm compared t o  276.8 gm f o r  the c o n t r o l  animals. Absolute 

lung  volumes, lung weights and surface area were a l l  increased i n  the 

animals given hormone but  were unchanged when expressed as spec i f i c  

dimensions. B a r t l e t t  could not  demonstrate any increase i n  the t o t a l  

number o f  a l v e o l i  by d i r e c t  count ing but  found a lveo lar  surface area 

increased t o  the 0.85 power o f  the increase i n  lung volume. I f  the lung 

was merely expanding the surface area would increase t o  the  2/3 power o f  

the  increase i n  lung volume (Thurlbeck, 1975), thus suggesting a lveo lar  

mu l t i p l i ca t i on .  

Brody and Buhain (1972) implanted MtTF4 tumors i n t o  11 week o l d  

female ra t s .  MtTF4 tumors secrete growth hormone. The r e s u l t s  

demonstrated increased lung weights and volumes over the con t ro l  values 

bu t  the t o t a l  amount of DNA (hence the number o f  nuc le i )  was the same i n  

bo th  groups. The RNAIDNA r a t i o  increased, i n d i c a t i n g  the increase i n  

lung  weight could be due t o  c e l l u l a r  enlargement. When r a t s  were given 

pure growth hormone s im i l a r  but  more subt le  changes occurred. 

I n t e r p r e t a t i o n  o f  the r e s u l t s  o f  t h i s  experiment are d i f f i c u l t  due t o  the 

f a c t  t h a t  MtTF4 tumors secrete more adrenocort icotropic (ACTH) hormone 
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and p r o l a c t i n  than growth hormone. Adrenalectomy a l te red  the response t o  

tumor implantat ion because spec i f i c  lung weight then increased, whereas 

spec i f i c  organ weights o f  l i v e r ,  kidney and hear t  were decreased. 

Spec i f i c  lung weight increased 11 t o  45% compared t o  24 t o  210% a f t e r  

tumor implantat ion without adrenalectomy. Animals t ha t  were 

adrenalectomized and tumor implanted, demonstrated twice as much lung DNA 

as c o n t r o l  animals although lung volumes remained the same as tumor 

implanted animals. Thurlbeck (1975) in te rp re ted  the data as ind ica t ing  

adrenalectomized, tumor implanted animals had the  appropriate number o f  

n u c l e i  and a l v e o l i  f o r  t h e i r  body size, as suggested by B a r t l e t t  on the 

basis of i n j e c t i o n  o f  growth hormone alone. Brody and Buhain bel ieved 

the  r e s u l t  could be taken t o  i nd i ca te  a p r o l i f e r a t i o n  o f  connective 

t i s sue  elements ra ther  than parenchymal elements when r e f e r i n g  t o  

adrenalectomized tumor implanted groups. 

Brody and Buhain (1973) a lso  combined the e f f e c t s  o f  pneumonectomy 

w i t h  tumor implantat ion or hypophysectomy. When pneumonectomy was 

combined w i t h  the former, the animals were l a rge r  and had la rger  lungs 

than when pneumonectomy alone was performed but the amount o f  DNA i n  the 

lungs was smaller. Pneumonectomy p l u s  hypophysectomy produced smaller 

r a t s  w i t h  lungs t h a t  d i d  not  enlarge as much as a f t e r  pneumonectomy alone 

bu t  had increased spec i f i c  lung weights and lung volumes. Clearly, 

d i f f e r e n t  processes must be invo lved a f t e r  pneumonectomy, growth hormone, 

MtTF4 tumor implantat ion and hypophysectomy. Because the pa t te rn  o f  

lung growth a f t e r  pneumonectomy d i f f e r s  from t h a t  a f t e r  growth hormone 

administrat ion,  the changes produced by growth hormone cannot be due 

so le l y  t o  the enlargement o f  the chest cage. 
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The ef fects on postnata l  growth o f  disease and drug treatment such 

as w i t h  s t e r o i d  o r  cy to tox ic  drugs i s  not known i n  e i t h e r  animals o r  

man. However ce r t a i n  observations have been described i n  various disease 

states. I n  the syndrome o f  congeni ta l  l obar  emphysema (over in f la t ion )  i n  

childhood, a l t e ra t i ons  i n  a lveo la r  development have been observed. I n  

t h i s  syndrome one lobe o r  p a r t  o f  a  lobe expands very r ap id l y ,  sho r t l y  

a f t e r  b i r t h ,  whi le the remaining lung may be compressed. One cause o f  

the cond i t i on  i s  hypoplasia of the bronch ia l  ca r t i l age .  H is lop and Reid 

(1970,1971) observed a  few cases w i t h  va r iab le  f i nd ings  i n  the lung 

parenchyma. I n  one case, the lobe volume increased 5 t imes normal 

values, bu t  a lveo lar  number remained the same as t h a t  predicted, 

suggesting simple overd is tent ion i s  not  s u f f i c i e n t  enough st imulus t o  

induce a lveo lar izat ion.  I n  3 o ther  cases however, there were more 

a l v e o l i  than predicted; ( i n  one case by a  fac to r  o f  5)  whereas lung 

volumes had increased 3 fo ld .  Perhaps o v e r i n f l a t i o n  does cont r ibute  t o  

a lveo lar  m u l t i p l i c a t i o n  but  H is lop and Reid (1970) be l ieve  t ha t  the 

po lya lveo lar  lobe produced the o v e r i n f l a t i o n  and no t  v i sa  versa. They 

a lso  observed too few a r t e r i e s  per u n i t  volume therefore  a  diminished 

blood f low i n  the over in f la ted lobe. It was suggested blood flow may not  

be a  determinant i n  a lveo lar  mu l t i p l i ca t i on .  

Food depr ivat ion has been shown t o  depress c e l l u l a r  m u l t i p l i c a t i o n  

i n  a l v e o l i  (Hackney - e t  -. a1 9 1977) and ac tua l l y  produces emphysema-like 

changes i n  r a t s  (Sahebjama and Wirman, 1981; Sahebjama and Vassalo, 

1979). Food depr ivat ion a lso aggravates emphysema caused by elastase 

admin is t ra t ion (Saheb jama and Vassalo, 1980). These experiments were 

performed when a lveo lar  m u l t i p l i c a t i o n  had probably ceased. The mechanism 
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of t h i s  s t a r v a t i o n  induced 'emphysema' is unknown, a l though i t  is known 

t h a t  s t a r v a t i o n  d imin ishes  oxygen consumption (Brody and Thurlbeck, 1984, 

i n  p r e s s ) .  In  a r e c e n t  review on growth and ag ing  i n  t h e  lung,  Brody and 

Thurlbeck (1984, i n  p r e s s )  proposed a h y p o t h e t i c a l  mechanism f o r  

c o n t r o l l i n g  p o s t n a t a l  lung growth which enco rpo ra t e s  most f a c t o r s  

d i s cus sed .  This  sugges t s  t h a t  i n h i b i t o r y  p roces se s  a r e  a t  work i n  t h e  

lung t h a t  a f f e c t  i n t e r s t i t i a l  f i b r o b l a s t s ,  i n h i b i t i n g  l y s y l  oxidase and 

c e l l u l a r  m u l t i p l i c a t i o n  and a c t i n g  i n  a nega t ive  feedback loop t o  t h e  

a n t e r i o r  p i t u i t a r y  t o  i n h i b i t  growth hormone s e c r e t i o n .  When t h e  

f i b r o b l a s t s  a r e  i n  a compressed s t a t e ,  t h e  i n h i b i t o r y  p roces s  a r e  

maintained but  when they a r e  s t r e t c h e d  t h i s  feedback mechanism is 

switched o f f .  Therefore ,  fo l lowing  pneumonectomy o r  with increased  

oxygen consumption t h e  i n h i b i t o r y  p roces se s  a r e  depressed  and growth 

occurs .  Increased  growth hormone l e v e l s  r e s u l t  i n  somatomedin s e c r e t i o n  

from t h e  f i b r o b l a s t s  which r e s u l t s  i n  p r o l i f e r a t i o n  o f  t y p e  I1 cel ls  t o  

form a l v e o l a r  wal l s .  

2.5 Morphometry - A Brief  History** 

Morphometry is a body of  methods f o r  o b t a i n i n g  q u a n t i t a t i v e  

i n fo rma t ion  about macroscopic o r  microscopic  ana tomica l  s t r u c t u r e .  This  

i n fo rma t ion  is usua l ly  i n  terms o f  q u a n t i t i e s  such a s  volume, s u r f a c e  

a r e a ,  number o f  components and s i z e  of components, and is o f  p a r t i c u l a r  

** Most o f  t h i s  s e c t i o n  was taken  from Morphometry by W.A. Aherne and 

M.S. Dunni l l ,  1982. 
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va lue  i n  c o r r e l a t i n g  s t r u c t u r e  w i th  func t ion .  Four g e n e r a l  p o i n t s  can be 

made about  morphological o r  s t e r e o l o g i c a l  p rocedures .  They d e r i v e  

in format ion  about t h r e e  d imens iona l  s t r u c t u r e  from measurements o r  

a n a l y s i s  c a r r i e d  o u t  on two-dimensional images o r  s e c t i o n s .  Secondly, no 

q u a n t i t y  i s  measured d i r e c t l y ,  morphometry works i n  terms o f  e s t i m a t e s  by 

repea ted  count ing  o r  measuring, and t h i r d l y ,  each  technique  r e q u i r e s  t h e  

use  o f  test  g r id s .  Test g r i d s  a r e  a set o f  l i n e s  f o r  e s t ima t ing  s u r f a c e  

a r e a ,  a l a t t i c e  o f  test p o i n t s  f o r  e s t i m a t i n g  volume f r a c t i o n  and a , 

d i s c r e t e  tes t  a r e a  f o r  count ing  a c t u a l  components. F i n a l l y ,  it i s  

u s u a l l y  necessary  t o  measure t h e  t o t a l  volume o f  t h e  organ i n  ques t i on ,  

s o  a s  t o  c a l c u l a t e  t h e  volume f r a c t i o n  of  a p a r t i c u l a r  subs t ruc tu re .  The 

methods o f  morphometry t h e r e f o r e ,  a r e  i n d i r e c t  and e s s e n t i a l . 1 ~  

p r o b a b i l i s t i c .  These methods a r e  f a r  more p r a c t i c a l  f o r  determining 

q u a n t i t a t i v e  information than  t h e  less f l e x i b l e  and i n f i n i t e l y  more 

t e d i o u s  d i r e c t  methods such a s  s e r i a l  s e c t i o n  r econs t ruc t ion .  

Morphometry is  founded upon i d e a s  and procedures  drawn from 

geome t r i ca l  p r o b a b i l i t y  and its u s e  i n  t h e  f i e l d s  o f  geology and 

meta l lu rgy .  The two s u b j e c t s  o f  geometry and p r o b a b i l i t y  were brought 

t o g e t h e r  f o r  t h e  first time, v i a  i n t e g r a l  c a l c u l u s  by t h e  Comte de Buffon 

(1707-1788) who i n  1777, cha l l enged  t h e  members o f  t h e  French Academy 

wi th  h i s  Needle Problem. ' P a r a l l e l  l i n e s ,  d u n i t s  a p a r t ,  a r e  ru l ed  on a 

p l ane  s u r f a c e .  A needle  o f  l e n g t h  R u n i t s  (where R < d )  i s  thrown a t  

random on t h e  plane.  What i s  t h e  p r o b a b i l i t y  t h a t  i t  w i l l  meet one o f  

t h e  p a r a l l e l  l i n e s ?  Buf fon c o r r e c t l y  deduced t h e  p r o b a b i l i t y ,  p ,  t h a t  

t h e  need le  would i n t e r c e p t  one o f  t h e  p a r a l l e l  l i n e s  a s  t h e  f r a c t i o n ;  p = 

2R/.rrd o r ,  r ea r r ang ing ,  t h a t  t h e  l e n g t h  o f  t h e  needle ;  R = 7r/2 pd where 
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p = n/N, the number of intersections (n) after N superimpositions. This 

model of a morphometric method illustrates three points. Firstly, any 

probabilistic method of determining a quantity involves repeated 

estimations, secondly, the probabilistic factor n/N is subject to chance 

fluctuation, although becomes consistent with increased repetition of 

measurement,. Finally, the number of repetitions necessary to give the 

required precision can be calculated statistically. 

The other major influence on the foundation of morphometry occurred 

in the field of geology. In the nineteenth century, geology had become a 

quantitative science but the volumetric analysis of rock into its mineral 

components was based on difficult separation techniques. The French 

geologist M.A. Delesse was the first to realize that volume fractions 

occupied by constituent minerals could be estimated from area profiles on 

rock surfaces. Delessets method of estimating area was to match a 

particular component on a series of flat rock surfaces by suitably cut 

pieces of tin foil. These were then summed by weight to estimate the 

aggregate volume proportion occupied by that component. This concept 

that mean area is an unbiased estimator of volume went essentially 

unrealized until the development of area estimates by point counting 

almost a century later. Meanwhile another concept called linear analysis 

was being introduced by A. Rosiwal, 1898. He determined that volumetric 

analysis of mineral aggregates could be reduced to a study of one 

dimensional measurements, in fact by constructing a model of known 

chemical and quantitative composition, linear analysis could be made 

accurate to 1% (Thompson, 1930). 

As is the case in many areas of science, new ideas often only 
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r e a l i z e  t h e i r  f u l l  p o t e n t i a l  w i t h  the i n t r oduc t i on  o f  new instruments. 

Rosiwalls l i n e a r  analysis procedure was a tedious measurement o f  l i n e a r  

i n t e r cep t s  over various rock components, one by one, w i t h  a micrometer. 

I n  1916, however, S.J. Shand introduced the micrometer stage which was 

much fas ter  and more e f f i c i e n t .  I n  1931, the ideas o f  Delesse were 

rejuvenated by the Russian petrographer A.A. Glagolev, who introduced a 

form of p o i n t  counting and an i n t e g r a t i n g  microscopical  stage l i nked  t o  a 

recording meter. Glagolevls method used a s i ng le  f i xed  po in t  (a crossed 

h a i r l i n e )  under which the image o f  the specimen was moved i n  a stepwise 

fashion. Each time the cross ' h i t 1  a p a r t i c u l a r  component, i t  was 

t a l l i e d  on the meter. Glagolev discussed the p r o b a b i l i s t i c  nature o f  

t h i s  method and i t s  sampling e r r o r  i n  terms o f  the Be rnou l l i  

d i s t r i b u t i o n .  The conjunction o f  Delessels p r i n c i p l e  and the technique 

o f  po in t  counting put  a pow;rful t o o l  a t  the hands o f  morphometrists but  

there had been no mathematical p roo f  t ha t  r e l a t i v e  areas r e a l l y  do 

est imate r e l a t i v e  volumes. However many theore t i c ians  have succeeded i n  

es tab l i sh ing  t h i s  r e l a t i onsh ip  s ince  the times o f  Delesse and Glagolev. 

The fo l low ing  i s  from H i l l i a r d  (1968): 

3 "Beginning w i th  a cube o f  t i s s u e  o f  volume L s i tua ted  i n  the 

f i r s t  oc tant  o f  a co-ordinate system (Figure l a )  and contain ing a 

component body whose volume f r a c t i o n  we wish t o  determine. Imagine a 

plane t ravers ing the cube of t issue,  p a r a l l e l  t o  the x, y-plane and 

i n t e r s e c t i n g  the z ax is  i n  the i n t e r v a l  (z,z + dz) w i th  uniform 

p r o b a b i l i t y  (Figure l b ) ,  i.e., t he  plane i s  equal ly  l i k e l y  t o  cross the 

z-axis anywhere i n  the i n t e r v a l  [ 0 ,  L] . 



Figure la. A body of irregular shape, a , whose velum 

fract ion we wish t o  determine is contained 

in a cube of t issue,  6 , of dimensions IjrWCI. 



Figure lb, A plane is passed through the cube of tissue, B , 
at  A, i n  the x,y plane and contains two 

dhxmtional transections of the body a. 

By campar* the area fraction of these 

transections we determine the volume f r ac t im  

of the body using the principle of Delesse (1848). 
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P r o f i l e s  of t he  component body w i l l  appear on t h i s  plane. L e t  

t h e i r  aggregate area ( A 1  + A2 + ... + An) be A(z). The z i n  brackets 

s i g n i f i e s  t h a t  t h e  aggregate area o f  t he  p r o f i l e s  v a r i e s  with ( i s  a 

f u n c t i o n  o f )  t he  z coordinate. 

By d e f i n i t i o n  the  area f r a c t i o n  i s :  

AA = Lkl 
~2 

Now, t h e  average value of t h e  area f r a c t i o n  over [O,L] i s :  

Where t h e  element f ( z )dz  i s  t h e  p r o b a b i l i t y  t h a t  t he  p lane i n t e r s e c t s  t h e  

z a x i s  i n  (z, z + dz). But we have agreed t h a t  t h i s  p r o b a b i l i t y  i s  

uniform, there fore ;  

I n c o r p o r a t i n g  t h i s  i n  equat ion (1.2) we have: 

Which, from equat ion (1.1) 
L 

Bu t  A(z)dz i s  the  f r a c t i o n a l  volume (dV) o f  component body 

t h e  volume element of t he  cube o f  th ickness dz a t  p o s i t i o n  

I n t e g r a t i o n  the re fo re  gives: 

contained i n  



and so, from (1.5) 
- 
AA = Vv (1.7) " 

Between 1945 and 1953, four  separate i nves t i ga to r s  demonstrated the 

r e l a t i o n s h i p  between the surface area o f  a m e t a l l i c  i n c l us i on  and the 

number of i n te rsec t ions  which i t s  two dimensional p r o f i l e  makes w i t h  a 

g r i d  o f  randomly or iented t e s t  l i n e s  l a i d  on the pol ished plane 

(Saltykov, 1945; Tomkeieff, 1945; Smith, 1952; D u f f i n  - e t  -* a1  9 1953). 

Tomkeieff considered a closed convex curve drawn on a plane, and . 

constructed a one dimensional p r o j e c t i o n  o f  i t  by dropping perpendiculars 

from i t s  ex t remi t ies  t o  a l i n e  i n  the same plane, then measured the 

length  L o f  t h i s  p ro j ec t i on  (Figure 2). Repeating t h i s  procedure i n  a 
- 

number o f  d i f f e r e n t  o r ien ta t ions  g ives a mean leng th  o f  pro jec t ion,  L. 

Then i t  may be shown t h a t  

Where C i s  the perimeter o f  the c losed convex curve. Moreover, the mean 

chord, r, which can be found by drawing chords randomly i n s i d e  the body, 

(Figure 3 ) ,  i s  

Where A i s  the area. 

Tomkeieff appl ied these p r i n c i p l e s  t o  a 3 dimensional body by 

drawing p ro jec t ions  onto a 2 dimensional plane. Denoting mean 

p ro j ec t i ons  o f  area by A 
P ' 

where S i s  the surface area of t h e  s o l i d  body. Moreover, i f  we denote 



Figure 2. A closed convex profile c, and three one-dimensional 

vertical projections of it; each projection of length 

L; the mean projection length %, is ccsnputed by 

making repeated vertical projections. 



Figure 3. A closed convex profile c,  of area A, as in 

Figure 2, in which a numkr of chords have 

been drawn. F r ~ n  a sumation of chord lengths, 

the length of the man chord is canrputed. 
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t h e  mean chord of t he  p r o j e c t i o n  by we have; 

- 
R = 4V/S o r  s = 4 ~ /  R 

which i s  t h e  equat ion f o r  sur face area. Th is  equat ion has been der ived 

a t  l e a s t  e i g h t  t imes s ince 1945 by d i f f e r e n t  i n v e s t i g a t o r s  (Underwood, 

1970). 

A l l  morphometric methods depend upon s t a t i s t i c a l  ana lys i s  and 

c e n t r a l  t o  t h i s  i s  t h e  method o f  sampling. Non sampling e r r o r s  i n c l u d e  

e r r o r  due t o  vary ing  sec t i on  th ickness,  inaccura te  measurement o f  g r i d  

l i n e s  and poor r e s o l u t i o n  o f  t h e  microscope, however major sampling 

e r r o r s  a r e  more important  t o  avoid. It i s  impossib le t o  measure an 

e n t i r e  organ morphometr ical ly t h e r e f o r e  methods must be fo l lowed t o  g i v e  

t r u e l y  rep resen ta t i ve  samples. The lung i s  an organ w i t h  a . s t r u c t u r a 1  

g rad ien t  (DeHoff, 1967), meaning, the re  a re  v a r i a t i o n s  i n  geometr ica l  

p r o p e r t i e s  o f  l ung  components dependent on the  p o s i t i o n  i n  the  lung. 

Thus, c o r r e c t  sampling must be through a un i fo rm ly  d i s t r i b u t e d  s e t  o f  

p lanes o b t a i n i n g  representa t ive  samples o f  t h e  whole organ. Gr ids are  

then p laced a t  random on each s l i c e ,  c o n s t i t u t i n g  a form o f  s t r a t i f i e d  

random sampling. I n  t h e  present  i n v e s t i g a t i o n  the  sampling was more a 

s t r a t i f i e d  systematic sampling procedure due t o  t h e  f a c t  t h a t  each lung  

s l i c e  was very smal l  and 90% (20 f i e l d s )  o f  t he  s l i c e  was counted. 

Once the  representa t ive  t i s s u e  sec t ions  have been randomly picked, 

s e l e c t i o n  o f  f i e l d s  i s  u s u a l l y  done sys temat i ca l l y  by p l a c i n g  t h e  t e s t  

area a t  equal  i n t e r v a l s  across t h e  sect ion.  The nex t  problem i s  

c a l c u l a t i n g  the  opt imal  sample s i z e  and associated sampling e r ro r .  The 

s i z e  o f  t h e  standard e r r o r  r e l a t i v e  t o  t h e  mean va lue o f  t h e  count which 

est imates volume f r a c t i o n  ( V v )  i s ;  



RSE = J1-Vv 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  maximum va lue  f o r  Vv a l v e o l a r  a i r  was 

0.5841, t h e r e f o r e  with a RSE of  5% o r  less, 

s o  t h a t  n = 166. This  is  

where n = t h e  p o i n t  count  

t h e  number o f  p o i n t s  which must f a l l  on 

a l v e o l a r  a i r .  Now, a l v e o l a r  a i r  c o n s t i t u t e s  58.41% o f  lung,  t h e r e f o r e ,  

i t  fo l lows  t h a t  t o t a l  number of p o i n t s  which must be  superimposed on t h e  

lung slices is 

166(100/58.41) = 285 p o i n t s  

I n  t h i s  i n v e s t i g a t i o n  a range of  1600 t o  3000 p o i n t s  were counted pe r  

lung f o r  volume propor t ion  of a l v e o l a r  a i r  which i n  theory  would ensu re  a 

s t anda rd  e r r o r  less than 5%. The reason  20 f i e l d s  were counted was t o  

ensu re  a reasonable  s tandard  e r r o r  f o r  volume p ropor t i ons  o f  a lesser 

q u a n t i t y ,  such a s  duct  a i r  (Vvd = .1724). Using t h e  above c a l c u l a t i o n s  

it  was found t h a t  1924 p o i n t s  should  be counted p e r  lung. I n  a c t u a l i t y  a 

range o f  600-900 p o i n t s  were counted per  lung t h e r e f o r e  the s t anda rd  

e r r o r  should be c l o s e r  t o  8% f o r  lesser volume p ropor t i ons .  



111. METHODOLOGY 

3.1. Research Design 

3.1.1. General 

Lungs removed from each experimental and con t ro l  animal were used 

f o r  two types o f  experiments: 

a) the l e f t  lung was processed t o  assess s t r u c t u r a l  changes 

quan t i t a t i ve l y  by standard morphometric measurements ( Weibel, 1979). 

b )  the r i g h t  lung was processed t o  assess biochemical changes i n  

p r o t e i n  and DNA content. 

3.1.2. Animals 

One hundred and t en  male, newborn Har t ley  outbred a lb ino  guinea 

p igs  (Univers i ty  of B r i t i s h  Columbia Animal Care F a c i l i t y )  were randomly 

d iv ided i n t o  seven groups; three exercise groups and four con t ro l  groups 

(Table 1) .  The pups were born and housed w i t h  mothers a t  the Simon 

Fraser Animal Care F a c i l i t y ,  Burnaby, B r i t i s h  Columbia. The mothers 

(N=54) had been allowed t o  ad jus t  t o  the environment from 2 t o  4 weeks 

p r i o r  t o  de l ivery .  A l l  animals were allowed access t o  water and standard 

guinea p i g  chow, supplemented w i t h  a l f a l f a ,  ad l ibidum. Female pups were - 
not studied. 



Table 1. Out l i ne  o f  number of groups (4) ,  t r ea tmen t s  ( exe rc i s ed  v s  
s eden ta ry )  and n ' s  p e r  group. 

Condi t ion 

Treatment Group 0 Group 1 Group 2 Group 3 
(0  week) ( 1  week) ( 2  week) ( 3  week) 

Cont ro l  N=12 N=12 N = 1 3  N = 1 3  

Exe rc i s e  N=O N=20 N=20 N=20 

3.1.3. Exerc i se  p ro toco l  

Three e x e r c i s e  c o n d i t i o n s  were s t u d i e d  a s  o u t l i n e d  i n . T a b l e  1. 

Group 1 was exe rc i s ed  d a i l y  f o r  1 week, group 2 d a i l y  f o r  2 weeks, and 

group 3 d a i l y  f o r  3 weeks. Group 0 was s a c r i f i c e d  wi th in  12  hours  o f  

b i r t h .  A l l  e x e r c i s e  groups and cor responding  c o n t r o l  groups were 

s a c r i f i c e d  36 hours  a f t e r  t h e  f i n a l  e x e r c i s e  per iod .  Experimental 

an imals  were exe rc i s ed  on a roden t  t r e a d m i l l  (Quinton Ins t ruments ,  

S e a t t l e ,  WA) a t  t h e  Animal Care F a c i l i t y ,  Simon F r a s e r  Univers i ty .  

Con t ro l  an imals  were exposed t o  s i m i l a r  handl ing ,  were weighed d a i l y  and 

removed from t h e  mother whi le  exper imenta l  l i t t e r m a t e s  were t r a i n i n g  on 

t h e  t r e a d m i l l .  A l l  exper imenta l  an imals  were i n i t i a t e d  t o  t r e a d m i l l  

running s h o r t l y  a f t e r  b i r t h ,  fol lowed by a 5 day l e a r n i n g  per iod  where 

t h e  speed (meters  per  minute) and d u r a t i o n  of  e x e r c i s e  i nc reased  d a i l y  t o  

a maxiumum speed of 25 meters p e r  minute f o r  40 mintues a t  0% grade. 

Group 2 reached a maximum e x e r c i s e  per iod  o f  60 minutes ,  whi le  group 3 

reached a maximum dura t ion  o f  90 minutes  (Appendix I ) .  
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3.2. S a c r i f i c e  and Lung F i x a t i o n  

A l l  animals were s a c r i f i c e d  by i n t r a p e r i t o n e a l  i n j e c t i o n  o f  sodium 

pentobarbi tone (.07 mg/gm body weight) .  The lungs, h e a r t  and trachea 

were exposed by a midsternotomy i n c i s i o n ,  an endotracheal p l a s t i c  cannula 

was p laced i n  t h e  t rachea and t h e  lungs and h e a r t  were d issec ted from the  

t h o r a c i c  c a v i t y .  The h e a r t  was d issec ted from t h e  lungs, weighed and 

f rozen i n  l i q u i d  n i t rogen.  A l l  extraneous connect ive t i s s u e  was 

d issec ted from t h e  lungs, then a l i g a t u r e  was t i e d  around t h e  r i g h t .  

bronchus and the  r i g h t  l ung  was removed, weighed and f rozen i n  l i q u i d  

n i t rogen.  The l e f t  l ung  was a t tached t o  a 5 cc syr inge f i l l e d  w i t h  10% 

phosphate bu f fe red  formal in, i n f l a t e d  by hand, then t rans fe red  t o  a 

fo rma l in  pe r fus ion  system f o r  72 hours where they were f i x e d  a t  25 cm 

H20 transpulmonary pressure. 

3.3. Es t imat ion  of Lung Volume 

The l e f t  l ung  was removed from the  pe r fus ion  system and the  trachea 

clamped t o  prevent leakage o f  f i x a t i v e .  The lung  was suspended from a 

l a b o r a t o r y  stand and completely submerged i n  a beaker f u l l  o f  water, on a 

balance ( ~ e t t l e r  440) t h a t  had been p rev ious l y  t a r e d  t o  zero (Scherle, 

1970). The increase i n  weight r e g i s t e r e d  on t h e  balance, by Archimedes 

P r i n c i p l e  was equal t o  t h e  volume o f  t h e  l ung  thus: 

"a body p a r t i a l l y  o r  t o t a l l y  submerged i n  a body o f  f l u i d ,  

experiences a buoyant f o r c e  (FB) equal t o  t h e  weight of t h e  f l u i d  

d isp laced by t h e  volume o f  t h a t  body." 
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3.4, Lung Sampling and P r o c e s s i n g  

2 S i x  b l o c k s  of  t i s s u e  approx imate ly  1 cm , were t a k e n  from each 

l e f t  l u n g ,  t h r e e  b l o c k s  from t h e  upper  l o b e  and t h r e e  b l o c k s  from t h e  

lower  l o b e .  The middle l o b e  was n o t  sampled a s  it was t o o  smal l .  Each 

l o b e  was c u t  m i d - s a g g i t a l l y  and one  b lock  was t a k e n  from each  

m i d - s a g g i t a l  s u r f a c e .  The t h i r d  b lock  was o b t a i n e d  by c u t t i n g  t h e  

l a t e r a l  h a l f  o f  t h e  i n i t i a l  s e c t i o n  s a g g i t a l l y ,  t a k i n g  t h e  sample from 

t h e  l a t e r a l  s u r f a c e .  A l l  t i s s u e  b l o c k s  were trimmed and photographed. 

The t i s s u e  b l o c k s  were embedded i n  p a r a f f i n ,  s e c t i o n e d  i n  5 micron- thick 

s e c t i o n s  and s t a i n e d  wi th  haematoxy l in  and e o s i n  f o r  l i g h t  microscopy. 

3.5. E s t i m a t i o n  o f  Shr inkaae  

T i s s u e  s h r i n k a g e  due t o  f i x a t i o n  was n o t  e s t i m a t e d  a s  o t h e r  

i n v e s t i g a t o r s  have shown t h i s  t o  be  n e g l i g a b l e .  F ixed  l u n g  volume 

measurements were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from f r e s h  l u n g  volume 

measurements i n  r a t s  (Kida and Thurlbeck 1980). T i s s u e  s h r i n k a g e  due t o  

p r o c e s s i n g  was e s t i m a t e d  by comparing t h e  t o t a l  a r e a  o f  t h e  lung  s e c t i o n  

b e f o r e  embedding wi th  t o t a l  a r e a  a f t e r  embedding. Fixed t i s s u e  b l o c k s  

were photographed i n  embedding cassettes. An e n l a r g e d  image o f  t h e  

n e g a t i v e  was t h e n  p r o j e c t e d  o n t o  a computer c o n t r o l l e d  d i g i t i z e r  and t h e  

area t r a c e d  and recorded  by p l a n i m e t r y .  The a r e a  o f  each s t a i n e d  s e c t i o n  

was r e c o r d e d  s i m i l a r l y  a f t e r  embedding. C o r r e c t i o n  was made f o r  

m a g n i f i c a t i o n  and t h e  a r e a  and l i n e a r  s h r i n k a g e  f a c t o r s  were c a l c u l a t e d ;  



area shrinkage factor = area of t i ssue  a f t e r  embeddinq 
area of t issue before embedding 

l inear  shrinkage factor  area of t i ssue  a f t e r  embeddinq 
area of t i ssue  before embedding 

3.6. Light Microscopy Morphometry 

A l l  s l ides  were coded and measured morphometrically, without any 

knowledge on the part  of the author, of the experimental group of animals 

from which the part icular  lung was derived (Weibel, 1969; Holmes and 

Thurlbeck, 1979; Kawakami, 1984). Each s l i d e  was placed on the automatic 

stage of a WILD M501 microscope and viewed through a square grid (108 mm 

x 108 m m ) ,  located on the screen of the microscope, using a 50x 

objective. Twenty random f i e lds  were then determined equidis tant ly  on 

the section, using an imaginary 4 by 5 matrix (Appendix 11). The square 

grid contained two diagonally placed cross t e s t  l i nes  and 42 equidistant 

t e s t  points within i ts  boundary. 

Each t e s t  point was c l a s s i f i ed  i n  one of f ive categories depending 

on which histological component it f e l l ;  i . e . ,  alveolar a i r ,  duct a i r ,  

alveolar wall, conducting airway and nonparenchyma. Alveoli were 

considered t o  be the smallest d i scre te  a i r  spaces encircled by alveolar 

wall, whereas the cyl indrical  core of a i r  w i t h i n  alveolar ducts and sacs 

internal  t o  the mouths of a lveol i  was referred t o  a s  alveolar duct a i r .  

Blood vessels,  walls of conducting airways and connective t i ssue  septa 

were grouped as  nonparenchyma. The number of t e s t  points from 120 f i e lds  

(20 f i e l d s  x 6 s l ides)  were summed for  each of the t i ssue  components and 

t h e i r  volume proportion expressed as  a proportion of the t o t a l  number of 

points (42 x 120). No correction was made for t i ssue  thickness, which 
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was presumed t o  be 5 microns. 

The in te rcep ts  through a lveo la r  wa l l  s t ruc tures ( I w )  and 

i n te r cep t s  between the mouths o f  a l v e o l i  and adjacent ducts ( I d )  were 

a lso counted w i t h  the crossed t e s t  l i nes .  An i n te r sec t i on  through an 

a lveo lar  w a l l  was counted as 2 in te rcep ts  (2  gas exchanging surfaces) 

whi le  an in te rsec t ion  t h a t  touched but  d i d  not  pass through an a lveo lar  

w a l l  was counted as 1 in te r cep t  (one gas exchanging surface). S im i la r l y ,  

2 i n t e r cep t s  were counted for  every i n t e r sec t i on  w i t h  a lveo lar  duct wal ls  

( I d )  and 1 in te rcep t  if the t e s t  l i n e  touched but  d i d  not  cross the 

wal l .  Ia represented the sum o f  Iw + Id. Using the po in t  counts 

and in tercepts ,  ca lcu la t ions were performed as shown i n  Table 2  t o  ob ta in  

the morphometric values o f  mean l i n e a r  in te rcep t  (G), mean chord 

leng th  o f  a l v e o l i  , mean chord length  o f  ducts (GI, alveo lar  

surface area (Sw) and surface t o  volume r a t i o  (SVw). Mean l i n e a r  

i n t e r cep t  was calculated by d i v i d i n g  the t o t a l  l eng th  o f  the sum o f  both 

t e s t  l i n e s  by the t o t a l  number o f  i n te rcep ts  through a lveo la r  wal ls. 

To ta l  t e s t  l i n e  length  was cor rected f o r  t i ssue  shrinkage. The 

rnorphornetric data were corrected f o r  shrinkage by using the ca lcu la ted 

shrinkage factors. 

Since the absolute volume o f  a lveo lar  a i r  (Va) i s  a  product o f  

t o t a l  number of a l v e o l i  (Na) and t he  mean volume o f  i n d i v i d u a l  alveolus 

(Fa), and ya i s  re la ted  t o  the cube o f  the mean chord leng th  o f  

- 3 
a l v e o l i  (1,) by a  constant (j) which depends on the shape o f  the 

- 3  
alveo lus (Ya = 1 ,  the r a t i o  o f  va:$ was estimated t o  

represent NaT assuming t h a t  the shape o f  the a l v e o l i  remained constant 

i n  the lungs (Kawakami, 1984; Kida Po e t  a1 ' 1984, i n  press). 
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Table 2. Calculation of Morphometric Parameters of Lung Growth* 

Parameters Abbreviations 

Fixed lung volume v~ 

Volume proportion of 
alveolar a i r  h a  
alveolar duct a i r  
alveolar wall 

V ~ d  
"vw 

conducting airways a i r  V ~ b  
nonparenchyma h n p  

Total volume of 
alveolar a i r  
alveolar duct a i r  

Va 

alveolar wall 
" d 
v w  

conducting airways a i r  
nonparenchyma 

"b 
"np 

Total projected length of t e s t  l i n e  LT** 

Mean l inear  intercept (vm) . GI 
Mean chord length of a lveol i  ( y m )  1; 

- 
Mean chord length of alveolar duct l d  

Alveolar surface area (cm2) Sw 

Sw per uni t  lung volume (cm-l) SVW 

Calculations 

* Further explanation of calculations i n  Appendix I1 1.2 
** Corrected for shrinkage 

For I,, I,, and Id see text .  I, = I, + I d  
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3.7. E x t r a c t i o n  of P r o t e i n  and DNA 

The r i g h t  lung was l y o p h i l i z e d  i n  a Virtis Freezemobile 12  Freezer  
0 Dryer f o r  24 hours  a t  -30 C,  fol lowed by 24 hours  a t  room temperature .  

This  p roces s  was repea ted  u n t i l  a c o n s t a n t  d ry  weight was ob ta ined  ( +  - 
.00020 gm). Paper t h i n  s e c t i o n s  o f  d r i e d  lung t i s s u e  were weighed t o  5 

decimal p l a c e s  on a S a r t o r i u s  2004 MP ba lance  and t r a n s f e r r e d  t o  pyrex 

homogenizers. T issue  was homogenized by hand f o r  5 minutes  i n  1 mL ice 

co ld  phosphate buf fe red  s a l i n e  (PBS). One mL a l i q u o t s  o f  ice co ld  30% 

t r i c h l o r o a c e t i c  a c i d  (TCA) was added t o  t h e  homogenate, followed by 

c e n t r i f u g a t i o n  a t  1000 x g f o r  4 minutes.  The supe rnan tan t  was d i scarded  

and t h e  p roces s  repea ted  wi th  3 mL o f  15% TCA. The r e s u l t i n g  p r e c i p i t a t e  

was incuba ted  f o r  1 hour i n  2 mL 3 7 ' ~  1 N NaOH. A .25 mL a l i q u o t  o f  

t h e  r e s u l t i n g  s o l u t i o n  was removed f o r  non-connective t i s s u e  (NCT) 

p r o t e i n  e s t i m a t i o n  where NCT p r o t e i n  i s  t h e  p r o t e i n  c o n t e n t  o f  lung 

parenchyma excluding connec t ive  t i s s u e  elements  such a s  c o l l a g e n  and 

e l a s t i n .  The remainder was p r e c i p i t a t e d  with 10% TCA t o  y i e l d  t h e  a c i d  

i n s o l u b l e  DNA f r a c t i o n  f o r  e s t i m a t i o n  o f  DNA c o n t e n t  (Appendix 111).  

3.8. Es t imat ion  o f  P r o t e i n  Conten t  

NCT p r o t e i n  was measured by t h e  method o f  Lowry - et  - a 1  (1951) 

us ing  bovine serum albumin (BSA)(Sigma A-4378) d i s so lved  i n  0.1 M NaOH a s  

s t anda rd .  The co lou r  r eagen t  (copper  t a r t r a t e / sod ium ca rbona te )  was 

prepared accord ingly ,  p r i o r  t o  assay .  Two hundred and f i f t y  pL a l i q u o t s  

of t h e  p r o t e i n  samples i n  1 N NaOH were d i l u t e d  1:l wi th  d i s t i l l e d  

water.  The co lou r  reagent  was added t o  100 DL o f  t h i s  s o l u t i o n  and t h e  

r e a c t i o n  mixture  allowed t o  sit a t  room temperature  f o r  10 minutes. F ive  
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hundredy L of 1 N F o l i n l s  reagent (F isher  S c i e n t i f i c  Co. SO-P-24) was 

added t o  t h e  mix ture  and t h e  r e a c t i o n  was al lowed t o  cont inue f o r  a 

f u r t h e r  90 minutes. The co lou r  which developed was read a t  660 nm i n  a 

Pye Unicam SP6-550 Spectrophotometer. P r o t e i n  content  of t he  samples and 

p r o t e i d d r y  lung weight i n  mg/gm were then determined from a standard 

curve prepared from t h e  absorbance readings of standard BSA processed 

s i m i l a r l y  t o  t h e  l ung  samples. The standard curve was l i n e a r  i n  t h e  

range 10 t o  2 5 0 ~  p ro te in ,  and t h e  absorbance readings o f  t he  lung . 

samples which r e f l e c t e d  NCT p r o t e i n  content  were a l l  within the  l i n e a r  

range (Appendix 111). A l l  samples and standards were dupl icated.  

3.9. Es t imat ion  o f  DNA Content 

Deoxyribonucleic a c i d  was measured according t o  t h e  method o f  

Bur ton  (1956) us ing  c a l f  thymus (Sigma 0-1501) as standard. The standard 

DNA was processed i d e n t i c a l l y  t o  t h e  DNA e x t r a c t s  from l u n g  samples. One 

mL a l i q u o t s  o f  t he  8 mL t o t a l  DNA e x t r a c t  from t h e  lung  was added t o  2 mL 

o f  diphenylamine reagent (J.T. Baker Chemical Co.) and b o i l e d  f o r  10 

minutes. The r e s u l t a n t  r e a c t i o n  m ix tu re  was al lowed t o  c o o l  on i c e  and 

absorbance was measured a t  600 nm on a Pye Unicam SP 550 

spectrophotometer. The DNA content  o f  a l ung  sample and DNA/dry l u n g  

weight i n  mg/gm were est imated from a curve prepared from t h e  absorbance 

o f  s tandard DNA. The standard curve was l i n e a r  i n  t h e  range o f  20 ug t o  

200 llg DNA and the  absorbance readings o f  each lung  sample was w i t h i n  the  

l i n e a r  range (Appendix 111). A l l  samples and standards were dupl icated.  



3.10. Est imat ion of Succinate dehydroqenase enzyme a c t i v i t y  (SDH) 

Succinate dehydrogenase a c t i v i t y  was measured according t o  the 

methods of  Cooperstein - e t  -a a1  , (1951) i n  excised gastrocnemius muscle. 

The muscle was removed w i t h i n  one minute o f  s a c r i f i c e  and frozen i n  

l i q u i d  n i t rogen,  then s tored a t  - 70 '~  u n t i l  assayed. Approximately one 

hundred mg of frozen muscle t i s s u e  was weighed and placed i n  a g lass  

homogenizer w i th  4 mL o f  i c e  c o l d  .033 M phosphate bu f fe r .  The muscle 

was homogenized mechanically (Canlab, s t i r r e r  type, t e f l o n  pes t le )  f o r  2 

minutes a t  3000 rpm on i ce .  S i x t y u  L o f  t i s sue  homogenate was added t o  

the  assay c o c k t a i l  (0.1 mL sodium succinate and 0.2 mL sodium cyanide i n  

0.17M phosphate buffer and 2.8 mL cytochrome C s a l t  s o l u t i o n  (Sigma 

Horseheart type I11 C-2506). The s o l u t i o n  was mixed thoroughly f o r  1 

minute and placed i n  a Pye Unicam SP6-550 spectrophotometer. Ex t i nc t i on  

of succinate was recorded a t  30 second i n t e r v a l s  f o r  6 minutes a t  550 

nm. The a c t i v i t y  o f  SDH was ca lcu la ted  from the average 

ext inct ion/minute ( A absorbance) f o r  each sample (Appendix IV).  A l l  

samples were dupl icated. 



3.11. S t a t i s t i c a l  Analysis 

Groups means - + the standard errors  of the mean (SEM) were 

calculated for a l l  variables. A two way analyses of variance (SPSS ~ 

MANOVA) was performed for each variable between conditions (groups 0 ,  1, 

2 and 3 )  and treatments (exercise,  control) .  When the F r a t i o  indicated 

significance a t  the 5% significance level ,  one way analysis of variance 

t e s t s  (SPSS ANOVA) were conducted for  the specif ic  variable:, 1) 

condition by treatment and 2)  treatment by condition. T h i s  s t a t i s t i c a l  

procedure was followed by -- Post Hoc Student Neuman Keuls (SNK) multiple 

range t e s t  i n  order to  locate the s ignif icant  differences a t  the 5% 

significance level.  Missing data due to  animal lo s s  as  well as technical 

problems were corrected for  i n  the s t a t i s t i c a l  analysis. Three animals 

were severely underweight a t  b i r t h  ( <  58 gm) and died within a few days. 

From the remaining 107 animals, 3 lungs were poorly inf la ted  and not 

included i n  the lung volume measurements. Finally,  more than 50% of the 

muscle samples for measurement of SDH ac t iv i ty  were thawed i n  a power 

f a i lu re  of the refr igerator  where they were stored, therefore omitted 

from the study. 



I V .  RESULTS 

4.1 General Character is t ics  

Body weight, heart  weight, crown t o  rump length and femur length  

are shown i n  Table 3. A l l  values are means - + SEMts f o r  the  var iab le  a t  

t ime o f  sac r i f i ce .  Values are shown f o r  both exercised and con t ro l  

(sedentary o r  non-exercised) animals. S ign i f i can t  d i f fe rences between 

group means are a t  p < .05 l eve l s .  The average l i t t e r  s i ze  f o r  sows t h a t  

d i d  not  abort  was 3.0, w i t h  a h igher  percentage o f  males (62%). 

S t i l l b i r t h s  were a common occurrence i n  the l a rge r  l i t t e r s  (>3). 

Gestat ion time was observed t o  increase w i t h  increasing l i t t e r  s i ze  and 

was var iab le  between 59 and 75 days, w i th  an average o f  68 days. The 

range of b i r t h  weights i n  t h i s  study was from 56 gm t o  143 grn, w i t h  an 

average o f  96 gm. 

4.1.1 Body Weight 

The mean body weight o f  0 week guinea p igs  a few hours (4 t o  12) 

a f t e r  b i r t h  was 111.05 - + 4.80 grams. Control  (non-exercised) weights 

increased 23% a f t e r  1 week, whereas exercised animals only increased by 

7%. This d i f ference was no t  s i gn i f i can t .  There was no d i f fe rence  due t o  

age between 0 week and 1 week o l d  animals i n  e i t he r  c o n t r o l  o r  exercise 

groups. From week 1 t o  week 2, c o n t r o l  animal body weights increased 

from 137.17 - + 6.49 grams t o  210.97 - + 12.69 grams, represent ing a 

s i g n i f i c a n t  54% increase due t o  growth. The mean weight o f  exercised 
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animals a t  the same age, increased from 118.62 - + 5.44 grams t o  172.82 - + 

8.16 grams, a s i g n i f i c a n t  46% increase due t o  growth. By 2 weeks a f t e r  

b i r t h ,  the  body weights o f  exercised animals were s i g n i f i c a n t l y  lower 

than those o f  non-exercised animals. A t  3 weeks o f  age, both exercised 

and non-exercised animals a t ta ined  s im i l a r  body weights o f  251.39 - + 11.30 

grams and 260.86 - + 13.85 grams respect ively.  This represented a 46% 

increase from 2 weeks t o  3 weeks f o r  the exercised group and a 24% 

increase f o r  the c o n t r o l  group. The group mean body weight o f  exercised 

and non-exercised animals by the 3 rd  week was s i g n i f i c a n t l y  d i f f e r e n t  

from the corresponding groups a t  the end o f  week 2. F igure 4 represents 

the increase i n  body weight w i t h  increase i n  age i n  both groups. 

4.1.2 Heart Weight 

No s i g n i f i c a n t  d i f fe rences were observed i n  mean hear t  weight o r  

mean hear t  weight t o  body weight r a t i o s  between exercised and c o n t r o l  

groups w i t h i n  any age group. The mean hear t  weights f o r  week 1 con t ro ls  

(.53 - + .03 grams) and week 2 con t ro l s  (.73 - + .04 grams) were greater than 

those f o r  week 1 exercised (.45 - + .02 grams) and week 2 exercised (.65 - + 

.04 grams). This was probably a r e f l e c t i o n  o f  the lower mean body 

weights i n  the exercised groups, as heart  weight t o  body weight r a t i o s  

were not  s i g n i f i c a n t l y  d i f f e r e n t  between treatment groups. A f t e r  3 

weeks, mean heart  weights o f  experimental and con t ro l  groups were almost 

i den t i ca l ,  (1.07 - + .04 grams and 1.06 - + .06 grams respec t i ve ly )  as were 

the mean hear t  weight t o  body weight r a t i os ,  (.0043 - + .0001 and .0041+ 

.0001 respect ive ly) .  There was no d i f fe rence  due t o  growth between 0 
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Figure 4. Mean body weight for non-exercised groups ( ) 

and exercised groups ( 0 ) at week 0, week 1 , 
week 2 and week 3. 



- 61 - 
week and 1 week animals i n  e i ther  parameter. There was a difference i n  

growth of the heart between a l l  1 week and 2 week animals, and again 

between a l l  2 week and 3 week animals. The heart increased i n  weight by 

45% i n  controls and 66% in  exercised animals from week 2 t o  week 3. The 

heart weight to  body weight r a t i o  decreased from 0 weeks t o  2 weeks i n  

both treatment groups, then increased again a t  3 weeks. T h i s  probably 

r e f l ec t s  the increased growth r a t e  of the heart re la t ive  t o  the increase 

i n  body weight a t  t h i s  age. 

4.1.3 Anthropometric Variables 

Crown to  rump ( C R )  lengths were measured for a l l  animals except i n  

3 week groups. There was no s ignif icant  e f fec t  on CR length due t o  

exercise a t  any age tested. CR length increased predictably from 161+2 - 
mm a t  b i r t h  t o  190+5 - mm a t  2 weeks i n  controls and from 161+2 - mm t o  181+3 - 

mm i n  experimentals. These represent an 18% and 12% increase 

respectively. Significant increases i n  CR length were observed due t o  

growth between 1 week and 2 week animals, b u t  not between 0 week and 1 

week animals. 

Femur length was measured a s  another index of whole body growth in  

a l l  groups. Femur length increased i n  control animals from 2.25 - + .05 cm 

a t  b i r t h  t o  3.20 - + .03 cm a t  3 weeks, representing a 42% increase in  3 

weeks. Exercise group femur lengths increased from 2.33 - + 0.04 cm t o  

3.15 - + .04 cm, a 35% increase in  the same time period. Mean femur 

lengths were significantly d i f fe rent  between each age group i n  both 

control and experimental animals. There was a s ignif icant  difference 
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between control and exercised animals mean femur length a t  week 2,  which 

were 2.74 - + .06 cm and 2.52 - + .05 cm respectively. These represent a 25% 

and a 17% increase respectively, over week 1 values, indicating perhaps a 

slower growth ra te  i n  exercised animals a t  t h i s  age. 



Table 3. Group Means for  Body Weight, Heart Weight, Crown t o  Rump 
Length and Femur Length i n  Contro l  and Exercise Groups. 

CONTROL GROUPS 

EXERCISE GROUPS 

Values a re  means + SEM - 
* - means d i f f e r e n t  due t o  treatment p < .05 

a y b , c * d  superscr ip ts  i n  a v e r t i c a l  column i nd i ca te  means are 
d i f f e r e n t  due t o  age a t  p < .05 

abbreviat ions Wb - body weight (gm) 
Wh - hear t  weight (gm) 
Wh/Wb - hear t  weight/body weight 
CR - crown rump (mm) 
F - femur (cm) 



4.2 Lung Weiqhts 

Mean lung weights and lung weight t o  body weight r a t i o s  (WL/Wb) 

+ SEM1s a re  shown f o r  a l l  groups i n  Table 4 and i l l u s t r a t e d  i n  Figure 5. - 
Pred ic tab ly ,  both l e f t  l ung  weight (LwL) and r i g h t  lung weight (RwL) 

increase with age. LWL increased by 31% whereas RWL increased by 

approximately 34% i n  both treatment groups. A RWL/LWL r a t i o  o f  1.21 

+ - . O 1  was maintained throughout the  3 weeks o f  exerc ise and growth. 

S i g n i f i c a n t  growth occured between week 1 and week 2 con t ro l s  and between 

week 2 and week 3 experimentals. A s i g n i f i c a n t  treatment e f f e c t  was 

demonstrated i n  week 2 animals f o r  both LWL and RWL. However, when 

expressed as a r a t i o  over body weight, these d i f fe rences  d i d  no t  pe r s i s t .  

The LWL/Wb r a t i o  and the RWL/Wb r a t i o  both decrease s i g n i f i c a n t l y  

a t  each age l e v e l  measured, r e f l e c t i n g  the slower increase i n  lung weight 

r e l a t i v e  t o  body weight dur ing the  f i r s t  3 weeks o f  l i f e  i n  guinea pigs.  

Lung weight was analyzed as l i n e a r ,  exponential  and power funct ions 

va r i an t  w i t h  body weight. These equations are as fo l lows:  

L inear  wL=.0O32Wb+.895 .8909 .9439 

Exponent ia l  wL=. 981e-0022Wb .8945 .9458 

Power WL=. 1 9 6 ~ ~ 3 ~  .9238 .9611 

Exercised r2 r 

L inear  WL=.0032Wb+.804 .8966 .9469 

Exponent ia l  wL=. 905e-0023Wb ,8924 .9447 

Power WL=. 192wd8 .8370 .9149 
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Figure 5. &an lung weight as a function of E a n  body 

weight in non-exercised ( 0 ) and exercised 

(0) groups. 



Table 4. Mean Lung Weights o f  Control and Exercise Groups Throughout the 
1s t  3 Weeks o f  L i fe .  

CONTROL GROUPS 

AGE N * LWL R W~ w L LWL/W~ RWL/W~ 
(wk) (gm) (gm > (gm) 

WL/Wb 

(wet 1 (wet 1 (wet) 

EXERCISE GROUPS 

Values are means + SEM - 
* - means are di f ferent due t o  treatment p < .05 

a, b , c y d  - superscripts i n  a v e r t i c a l  column indicate means are d i f f e ren t  due 
t o  age p < .05 

abbreviations - LWL - l e f t  lung weight (gm) 
- RWL - r i g h t  lung weight (gm) 
- LWL/Wb - l e f t  lung weight/body weight r a t i o  
- RWL/Wb - r i g h t  lung weight/body weight r a t i o  



4.3. Luna Volumes 

The volume o f  the l e f t  lung was measured d i r e c t l y  by the method o f  

water displacement (Scherle, 1970). The RWL/LWL r a t i o  and the LVL 

was extrapolated t o  g i ve  t he  volume of the whole lung as shown a t  the 

bottom o f  Table 5. There were no s i g n i f i c a n t  d i f fe rences i n  lung volumes, 

due t o  the  experimental treatment. The LVL increased by 45% i n  con t ro l  

and 53% i n  experimental groups a f t e r  3 weeks. This was pa ra l l e l ed  b.y a 

47% increase i n  c o n t r o l  group VL and 55% increase i n  experimental group 

VL, respect ive ly .  S i g n i f i c a n t  growth occurred between week 1 and week 2 

con t ro l s  and week 2 and week 3 experimentals i n  absolute lung volume. 

This s ign i f i cance  d i d  no t  p e r s i s t  i n  experimental groups when lung volume 

was expressed as a f r a c t i o n  o f  body weight as i l l u s t r a t e d  i n  Figure 6. 

The LVL/Wb f r a c t i o n  was reduced by 39% i n  con t ro l s  and 33% i n  

experimentals, wh i le  the VL/Wb f r a c t i o n  was reduced by 43% i n  con t ro l  

groups and 32% i n  experimental groups. S i gn i f i can t  d i f fe rences occurred 

i n  LVL/Wb f rac t ions  between week 0 and week 1 and again between week 1 

and week 2 f o r  both  treatment groups. Lung volume (VL) was analyzed as 

l i n e a r ,  exponent ia l  and power, funct ions va r ian t  w i t h  body weight. These 

equations are as fo l lows;  

Non-Exercised r ( r2)  Exercised r (r2) 

Linear VL=.019Wb+3.54 .9945 ,9890 VL=.023Wb+2.76 .9512 .9048 

Exponent ia l  VL=4.21e .0027Wb .9923 .9847 VL=3.75e .0033Wb .9592 .9201 

Power VL=. 58Wk 48 .9928 .9857 VL=.42W; 54 .9240 .8538 



Table 5. Mean Lung Volumes and Mean Relative Lung Volmes fo r  Control and 
Exercise Groups. 

CONTROL GROUPS 

EXERCISE GROUPS 

Values are means - + SEM. 

a,b,c,d superscripts i n  a v e r t i c a l  column ind icate - means are d i f f e ren t  due 
t o  age p < .05. 

* Means d i f f e ren t  due t o  treatment 

** - VL and VL/Wb are extrapolated values and were not measured d i rec t ly .  

where VL = LVL(l + RWL/LWL) 

abbreviations: LVL - l e f t  lung volume 
LVL/W~ - l e f t  lung volume/body weight 
VL - lung volume 
V L / W ~  - lung volume/body weight 



Body weight (gm) 

Figure 6. man lung v o l m  as a function of mean body 

weight in non-exercised ( ) and exercised 

(0 ) groups. 



4.4 Quan t i t a t i ve  Morphometry 

The q u a n t i t a t i v e  morphometric data obtained by p o i n t  and i n t e r c e p t  

count ing  o f  t i s s u e  sec t ions  are  shown i n  Tables 6-9. A rep resen ta t i ve  

subgroup o f  6 cases was randomly selected from each group, with the  

except ion of  t h e  0 week c o n t r o l  group (n=12), f o r  t h e  morphometric study. 

4.4.1 Volume Propor t ions  of Tissue Components 

Table 6a shows the  volume p ropor t i on  o f  a l v e o l a r  a i r  (VVa), duct  

a i r  (VVa) b ronch ia l  a i r  (VVb) a l v e o l a r  w a l l  (VVw) and nonparenchyma 

(V ) i n  t h e  l ung  sec t ions  analyzed. The volume p ropor t i ons  o f  t i s s u e  
V ~ P  

components shown i n  Table 6a, a r e  used t o  c a l c u l a t e  t h e  t o t a l  volume o f  

t i s s u e  components i n  t h e  l ung  when m u l t i p l i e d  by t h e  mean lung  volume f o r  

t h a t  p a r t i c u l a r  group as shown i n  Table 6b. Refer t o  Table 2 f o r  t h e  

c a l c u l a t i o n .  Nonparenchyma c o n s i s t s  o f  non-respi ratory t i s s u e  such as 

l a r g e r  b lood vessels, b ronch io le  w a l l s  and connect ive t i s s u e  f i b r e s .  

There were no s i g n i f i c a n t  d i f f e r e n c e s  due t o  e i t h e r  t reatment  o r  growth i n  

t h e  volume propor t ions  of t i s s u e  components. These p ropor t i ons  were 

mainta ined throughout t h e  3 week period. The volume p r o p o r t i o n  o f  

b r o n c h i a l  a i r  i n  t h e  1 week exper imental  animals was 57% grea te r  than the  

mean va lue f o r  t h e  3 age groups, al though t h i s  was n o t  s i g n i f i c a n t l y  

d i f f e r e n t  a t  p > .05. 

There were no s i g n i f i c a n t  d i f f e rences  due t o  exerc ise  i n  t h e  

absolute values f o r  a l l  t i s s u e  components shown on Table 6b. There were 

s i g n i f i c a n t  d i f f e rences  due t o  growth i n  t o t a l  volume o f  a l v e o l a r  a i r  
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11 (Vw) i n  e x e r c i s e  g roups  and 

t o t a l  volume o f  a l v e o l a r  a i r  ( V a l  i n  c o n t r o l  g roups .  Va i n c r e a s e d  by 

50% and 61% w h i l e  Vd i n c r e a s e d  by 56% and 72% i n  c o n t r o l  and e x e r c i s e  

g r o u p s  r e s p e c t i v e l y  d u r i n g  t h e  3 week p e r i o d .  Vw i n c r e a s e d  by 37% i n  

c o n t r o l  g roups  and 44% i n  e x e r c i s e  g roups ,  t h e  l a t t e r  b e i n g  a s i g n i f i c a n t  

i n c r e a s e  o v e r  t h e  3 week p e r i o d .  Vb i n c r e a s e d ,  though n o t  s i g n i f i c a n t l y  

by 7% i n  c o n t r o l  g roups  and 37% i n  e x e r c i s e  groups .  The h igh  Vb v a l u e  

f o r  group 1 e x e r c i s e  a n i m a l s  was d u e  t o  a n  u n u s u a l l y  l a r g e  number o f  

b r o n c h i a l  f i e l d s  counted i n  one p a r t i c u l a r  c a s e ,  which h a s  skewed t h e  

d i s t r i b u t i o n .  V i n c r e a s e d  by 26% and 20% i n  c o n t r o l  and e x e r c i s e  
n P 

g roups  r e s p e c t i v e l y .  T h i s  was n o t  s i g n i f i c a n t .  



Table 6a. Mean Volume F r a c t i o n  o f  Tissue Components Measured 
Morphometr ical ly Per Group. I n  a Group of 6 Cases w i t h  
6 Slides/Case, This Represents the Mean Volume Frac t ions  
for 36 Sections. 

CONTROL GROUPS 

EXERCISE GROUPS 

Values a re  means + SEM - 
abbrev ia t ions  - r e f e r  t o  Table 2. 



Table 6b. Mean t o t a l  volume o f  lung components/lung o f  c o n t r o l  and 
exerc ise  groups i n  cm3. 

CONTROL GROUPS 

EXERCISE GROUPS 

Values a r e  means + SEM 
Abbrev ia t ions  - r e f e r  t o  Table 2. 
a, b, c, d superscr ip ts  i n  a v e r t i c a l  column i n d i c a t e  means are  d i f f e r e n t  
due t o  age p < .05. 
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4.4.2 Mean L i n e a r  I n t e r c e p t  and Mean Chord Lengths  

The q u a n t i t a t i v e  morphometric pa ramete rs  o f  mean l i n e a r  i n t e r c e p t  

(G), mean chord  l e n g t h  o f  a l v e o l i  (r) and mean chord  l e n g t h  o f  d u c t s  

( r d )  a r e  shown i n  Tab le  7, t o g e t h e r  wi th  t h e  mean l u n g  volume f o r  t h e  

g roups  s t u d i e d .  The mean l u n g  volumes f o r  t h e  s m a l l e r  morphometry g roups  

were a l m o s t  i d e n t i c a l  t o  t h e  v a l u e s  r e p o r t e d  i n  Tab le  5 f o r  t h e  whole 

p o p u l a t i o n .  I n t e r e s t i n g l y ,  a s i g n i f i c a n t  d i f f e r e n c e  due t o  t r e a t m e n t  was 

shown i n  t h e  2 week group ,  a l t h o u g h  i n  t h e  l a r g e r  p o p u l a t i o n  t h e r e  was no 

d i f f e r e n c e  a t  t h e  p > .05 l e v e l .  The e f f e c t  o f  growth on l u n g  volume was 

s i g n i f i c a n t  between week 1 and week 3 i n  c o n t r o l  g roups  o f  an imals .  

The mean l i n e a r  i n t e r c e p t  (q), a morphometric e s t i m a t e  o f  t h e  

mean s i z e  o f  p e r i p h e r a l  a i r  s p a c e s  a t  maximum i n f l a t i o n  was n o t  

s i g n i f i c a n t l y  a f f e c t e d  by e x e r c i s e  o r  growth. There  was however a g e n e r a l  

i n c r e a s e  i n  c o n t r o l  v a l u e s  of  11% and i n  e x p e r i m e n t a l  v a l u e s  o f  12%. The 

s i z e  o f  t h e  a l v e o l i ,  a s  a s s e s s e d  by t h e  mean chord  l e n g t h  (5) was n o t  

s i g n i f i c a n t l y  a f f e c t e d  by e x e r c i s e ,  b u t  t h e  week 3 c o n t r o l  mean was 

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  week 1 c o n t r o l  mean, r e p r e s e n t i n g  a 19% 

i n c r e a s e  due  t o  age.  No p a r a l l e l  i n c r e a s e s  due t o  a g e  were observed  i n  

t h e  e x p e r i m e n t a l  g roups ,  where t h e  i n c r e a s e  was o n l y  7.5% i n  3 weeks. The 

s i z e  o f  a l v e o l a r  d u c t s  as a s s e s s e d  by mean chord  l e n g t h  remained f a i r l y  

c o n s t a n t  i n  b o t h  c o n t r o l  and e x p e r i m e n t a l  g roups  o v e r  t h e  3 week p e r i o d ,  

w i t h  no d i f f e r e n c e s  between age  g roups .  With t h e  e x c e p t i o n  o f  1 week 

c o n t r o l s ,  e x p e r i m e n t a l  v a l u e s  were m a r g i n a l l y  lower t h a n  c o n t r o l  v a l u e s  

f o r  t h i s  v a r i a b l e .  



Table 7. Mean I n t e r a l v e o l a r  Wal l  Distance (Cm), Mean Chord 
Length o f  A l v e o l i  and Mean Chord Length o f  Ducts i n  
Con t ro l  (non-exercise) and Exercise Groups. 

CONTROL GROUPS 

EXERCISE GROUPS 

Values a r e  means - + SEM. 

* - means d i f f e r e n t  due t o  treatment 

a,b supersc r ip t s  i n  a v e r t i c a l  column i n d i c a t e  - means d i f f e r e n t  due t o  age 

abbrev ia t ions  - see Table 2. 
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4.4.3 Surface Area Measurement 

Lung surface area i n  meters2 (SW), surface area t o  body weight 

f r a c t i o n  (SW/Wb), and surface area t o  lung volume f r a c t i o n  (SW/VL) 

are shown i n  Table 8. No d i f ferences due t o  exercise were observed i n  any 

o f  these parameters. Surface area increased by 30% i n  c o n t r o l  groups and 

37% i n  experimental groups i n  3 weeks. There was a s i g n i f i c a n t  increase 

between week 1 and week 3 experimental groups. Surface area t o  body 

weight r a t i o  decreased by 46% i n  con t ro l  groups and 39% i n  experimental 

groups. A s i g n i f i c a n t  reduct ion i n  SW/Wb was observed between week 0 

and week 1 con t ro l  groups, and again between week 1 and week 2 control ,  

groups, due t o  increasing body weight r e l a t i v e  t o  surface area. Once the 

exercise group s ta r ted  t o  exercise, SW/Wb f r ac t i on  remained, fa i r ly  

constant, w i t h  only a 20% reduct ion i n  comparison t o  a 36% reduct ion i n  

con t ro l  groups over the same t ime period. Figure 7 i l l u s t r a t e s  the 

re l a t i onsh ip  between lung surface area and body weight. Surface area t o  

l e f t  lung volume decreased by 13% i n  con t ro l  groups w i t h  the most 

s i g n i f i c a n t  d i f fe rence between week 0 and week 3, and 10% i n  experimentals 

w i t h  no s i g n i f i c a n t  d i f fe rences between age groups. Surface area t o  whole 

lung volume was ca lcu la ted from the extrapolated VL defined a t  the 

bottom o f  Table 5. A reduct ion o f  approximately 11% was observed i n  both 

experimental and con t ro l  groups dur ing the 3 week per iod compared t o  week 

2 values, w i t h i n  the range o f  t h a t  calculated f o r  SW/LVL above. 

Figure 8 i l l u s t r a t e s  the re l a t i onsh ip  between lung surface area and lung 

volume. Surface area was analyzed as l i nea r ,  exponential and power 

funct ions va r ian t  w i t h  lung volume (VL) and body weight ( w b )  These 

equations are as fol lows; 



S, vs. VL 

Non-Exercised r r2 Exercised r r2 

Linear Sw=.015V~+.054 .9812 .9628 Sw=.018V~+.040 .9963 .9926 

Exponential s,=. 083e-094VL .9870 .9742 S,= . 077e lo7VL .9919 .9839 

Power S,= .046vt65 .9809 .9622 s,= . 0 3 7 ~ ~ ~ ~  .9957 -9914 

Linear ~w=.ooo3h'b+.~08 .9880 ,9761 sw=.ooo~wb+.089 .9530 .9082 

Exponential Sw=. 116e*002Wb .9917 .9835 S,=. 103e*003Wb .9545 .9111 

Power S,= . 032wtj312 .9742 .9491 s,= .019wtj415 .9236 .8530 



Table 8. Mean Surface Area o f  the Gas Exchanging Components i n  
t he  Lung Expressed i n  Absolute Terms, Re la t i ve  t o  Body 
Weight and Re la t i ve  t o  Lung Volume f o r  Both Con t ro l  and 
Exercise Groups. 

CONTROL GROUPS 

EXERCISE GROUPS 

1 6 

Values a re  means - + SEN 

a,b,c,d superscr ip ts  i n  a v e r t i c a l  column i nd i ca te  - means are  d i f f e r e n t  due 
t o  age p < .05 

abbreviat ions - see Table 2 
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Figure 7. Mean alveolar surface area as a function of 

man bcdy weight in non-arercised ( ) and 

exercised ( 0 ) groups. 



Lung volume (mL) 

Figure 8. Wan alveolar surface area as a function of 

mean lung volume in non-exercised ( an3 

exercised ( 0 ) groups. 
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4.4.4 Total Alveolar Number 

Table 9 shows the mean r a t i o  of t o t a l  volume t o  cubed mean chord 
3 

length for  alveoli  (va / ia )  i n  a l l  groups. T h i s  r a t i o  is an index of 

t o t a l  alveolar number ( refer  to  section 3.6). There were no significant 

differences due t o  exercise or growth in t h i s  parameter. The alveolar 

number index increased by 5.5% and 19% i n  control and exercise groups 

respectively, with an average of 81.6 million for a l l  groups. 



Table 9. Mean r a t i o  o f  t o t a l  volume t o  cubed mean chord length  
f o r  a l v e o l i  and ducts i n  c o n t r o l  and exerc ise groups. 

CONTROL GROUPS 

* Age N 
(wk) 

EXERCISE GROUPS 

1 

2 

3 

Values a re  means + SEM 
Abbreviat ions - re fe r  t o  Table 2, explanation - see t e x t  
a,b,c,d, superscr ipts i n  a v e r t i c a l  column i n d i c a t e  means are  
d i f f e r e n t  due t o  age p <  .05 
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4.5 Biochemistry  

Freeze d r i e d  samples o f  r i g h t  l ung  were homogenized and assayed f o r  

p r o t e i n  and DNA content.  Table 10 shows t h e  mean d r y  weight o f  r i g h t  l ung  

(DWL) f o r  each group, together  w i t h  the  d ry  weight/body weight r a t i o  

(DWL/Wb) and wet l ung  weight/dry l ung  weight r a t i o  (RWL/DWb). 

Table 11 and 12 show t h e  mean p r o t e i n  content  (mg) and DNA content  (mg) 

pe r  r i g h t  l ung  f o r  each group, a long w i t h  t h e  protein/DNA r a t i o ,  

prote in/body weight r a t i o  and DNA/body weight r a t i o .  Succinate . 

dehydrogenase enzyme a c t i v i t y  was.also measured i n  gastrocnemius muscle 

samples, as an index o f  o x i d a t i v e  capaci ty .  These r e s u l t s  a re  repor ted  i n  

Table 13. 

4.5.1 Dry Lung Weight 

The mean dry  l ung  weight was s i g n i f i c a n t l y  a f f e c t e d  by exerc ise i n  

t h e  2 week group, being 22% lower than t h e  mean c o n t r o l  group value a t  t h e  

same age. Mean d ry  l ung  weight increased o v e r a l l  by 30% i n  c o n t r o l  groups 

and 26% i n  experimental groups, reaching s i m i l a r  values a t  t h e  end o f  3 

weeks, suggest ing on ly  a t r a n s i e n t  exerc ise  e f f e c t .  The increase roughly 

p a r a l l e l e d  a 34% increase i n  RWL noted i n  s e c t i o n  4.2. When expressed 

as a p r o p o r t i o n  of body weight, t h e r e  were no s i g n i f i c a n t  changes due t o  

exerc ise  a t  any age. The DWL/Wb p r o p o r t i o n  dec l i ned  s t e a d i l y  i n  bo th  

t reatment  groups by 46%, p a r a l l e l i n g  the  43% d e c l i n e  i n  RWL/Wb 

p r o p o r t i o n  repor ted  i n  s e c t i o n  4.2. The RWL/DWL o r  wet/dry f r a c t i o n  

was n o t  a f f e c t e d  by exerc ise  and increased marg ina l l y  through the  3 weeks 

(3.4% and 6.6% i n  c o n t r o l  and exper imental  groups respec t i ve l y ) .  There 

was a s m a l l  d i f f e r e n c e  due t o  age between week 1 and week 3 exerc ise 

groups. 



Table 10. Mean Dry Lung Weights Expressed i n  Absolute Terms, 
Re la t i ve  t o  Body Weight and as a Wet Weight t o  Dry Weight 
F rac t ion  f o r  Cont ro l  and Exercise Groups. 

CONTROL GROUPS 

AGE N 

EXERCISE GROUPS 

1 18 

Values a re  means + SEM 
5* - means are d iT ferent  due t o  treatment p < .05 

a,b - superscr ip ts  i n  a v e r t i c a l  column i nd i ca te  - means are  
d i f f e r e n t  due t o  age a t  p < .05 

abbreviat ions - see t ex t .  



4.5.2 P r o t e i n  and DNA Content 

No s i g n i f i c a n t  e f f e c t  o f  exerc ise  on e i t h e r  p r o t e i n  o r  DNA content  

i n  lung were measured (Table 11). P r o t e i n  content  increased by 43% i n  

c o n t r o l  and 32% i n  exper imental  groups respec t i ve l y .  Th is  increase was 

s i g n i f i c a n t  between week 0 and week 3 c o n t r o l  groups on ly ,  a t  p > .05. 

DNA content  d i d  increase with growth by 9% i n  c o n t r o l  groups b u t  on ly  

marg ina l l y  i n  experimental groups (0.4%). These increases were n o t  

s i g n i f i c a n t .  The s i g n i f i c a n t  d i f f e r e n c e  i n  week 0 and week 3 c o n t r o l  

p r o t e i n  content  was r e f l e c t e d ,  p red ic tab ly ,  i n  the  protein/DNA f r a c t i o n .  

Th is  f r a c t i o n  increased by 32% i n  c o n t r o l  and 28% i n  experimental groups 

respec t i ve l y .  

P r o t e i n  and DNA content  i s  expressed r e l a t i v e  t o  body weight i n  

Table 12. Again, t he re  was no s i g n i f i c a n t  exerc ise  e f f e c t .  The 

prote in/body weight r a t i o  decreased s i g n i f i c a n t l y  between week 1 and week 

2 i n  bo th  experimental and c o n t r o l  groups. There was an o v e r a l l  reduc t ion  

of 39% i n  c o n t r o l s  and 42% i n  experimentals. DNA/body weight f r a c t i o n s  

a l s o  decreased s i g n i f i c a n t l y  by 54% and 55% r e s p e c t i v e l y  between week 1 

and week 2 f o r  experimental and c o n t r o l  groups. 



Table 11. Mean NCT P r o t e i n  content  and mean DNA Content per  dry  
weight and per  gm dry  weight and protein/DNA r a t i o  i n  
c o n t r o l  and exerc ise groups. 

CONTROL GROUPS 

AGE N PROTEIN 
(wk) (mg) 

PROTEIN 

EXERCISE GROUPS 

Values a r e  means + SEM - 

a,b, supersc r ip t s  i n  a v e r t i c a l  column i n d i c a t e  - means d i f f e r e n t  
due t o  age p < .05 



Table 12. Mean NCT P r o t e i n  Content and Mean DNA Content per  
Lung Dry Weight Expressed R e l a t i v e  t o  Body Weight 
f o r  C o n t r o l  and Exerc ise Groups. 

CONTROL GROUPS 

AGE N 
(wk) 

1 11 

2 10 

3 10 

EXERCISE GROUPS 

Values a r e  means + SEM - 
a,b supersc r ip t s  i n  a v e r t i c a l  column i n d i c a t e  - means a re  d i f f e r e n t  due t o  
age p < .05. 



4.5.3. Succinate dehydrogenase ac t iv i ty  

Succinate dehydrogenase enzyme (SDH) ac t iv i ty  is shown in Table 13, 

for  a l l  groups. A 26% increase i n  act ivi ty was demonstrated i n  the 2 

week exercise group greater than control group values, however t h i s  was 

not s ignif icant  a t  p > .05. Succinate dehydrogenase ac t iv i ty  appears t o  

increase w i t h  age by approximately 11% i n  controls and 40% i n  

experimentals. No significant differences were reported due to  exercise 

or age, however a defini te  trend towards higher a c t i v i t i e s  i n  exercise 

groups is apparent. 



Table 13. Mean A c t i v i t y  Values fo r  Succinate Dehydrogenase 
Enzyme ( p g/gm/min) i n  Gastrocnemius Muscle (wet) o f  
Con t ro l  and Exerc ise Groups. 

CONTROL GROUPS 

AGE 
(wk) 

EXERCISE GROUPS 

A c t i v i t y  o f  N 
( m/gm/min) 

Values a re  means - + SEM 



V. DISCUSSION 

The e f f e c t s  o f  endurance e x e r c i s e  on t h e  newborn guinea  p i g ' s  

somatic  growth and lung dimensions a r e  b e s t  approached a f t e r  first 

d i s c u s s i n g  normal growth e v e n t s  and r e l a t e d  f a c t o r s  i n  t h e  guinea p ig  

dur ing  t h e  'period s tud i ed .  

5.1. E f f e c t  o f  Growth on General  C h a r a c t e r i s t i c s  

S e v e r a l  s t u d i e s  have shown p o s t n a t a l  growth o f  t h e  gu inea  p i g  t o  be 

i n t r i n s i c a l l y  ( g e n e t i c a l l y )  determined,  a l though b i r t h  weight ,  weanling 

weight and weight a f t e r  28 days a r e  h igh ly  dependent on l i t t e r  s i z e  and 

p e r i n a t a l  m o r t a l i t y  (Eaton, 1932; Haines,  1931; McPhee and Eaton, 1931).  

The ave rage  l i t ter  s i z e  f o r  Ha r t l ey  a l b i n o  guinea  p i g s  is 3.0 (Dunkin - e t  

a 1  1930) .  I n  t h e  p r e s e n t  s t u d y ,  average l i t t e r  s i z e  f o r  sows t h a t  d i d  ,* 7 

n o t  a b o r t  was 3.0 with a h ighe r  percentage  o f  males (62%). S t i l l b i r t h s  

were a common occurrence i n  t h e  l a r g e r  l i t ters  (>3)  and g e s t a t i o n  time 

was observed t o  i n c r e a s e  wi th  i n c r e a s i n g  l i t t e r  s i z e .  Th i s  d i r e c t  

r e l a t i o n s h i p  has  been r epo r t ed  p rev ious ly  (Haines ,  1931; Goy - e t  -* a 1  7 

1957; McKeown and MacMahon, 1956).  

G e s t a t i o n  time i n  t h i s  s t udy  was v a r i a b l e  between 59 and 75 days,  

average  68 days,  which was a s l i g h t l y  l onge r  pe r iod  than  t h e  ranges 

p rev ious ly  r epo r t ed  by Ediger  (1976) a s  59 t o  72 days,  average  63 days,  

by Harper (1976) a s  65 t o  70 days ,  average 68 days  o r  by Rowlands (1949) 

and Labhsetwar and Diamond (1970) a s  59 t o  72 days,  ave rage  68 days.  The 

range o f  b i r t h  weights  o f  gu inea  p i g s  i n  t h i s  s t udy  was from 56 t o  143 

grams, ave rage  96 grams. The ave rage  weight was s i m i l a r  t o  t h a t  r epo r t ed  
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for  previous s tud ies  as between 85 and 95 grams f o r  a l i t t e r  o f  3 t o  4 

(Ediger, 1976; McKeown and MacMahon, 1956). Although i t  has been 

reported t h a t  young from l a rge  l i t t e r s  grow more r a p i d l y  i n  r e l a t i o n  t o  

b i r t h  weight than young from smal l  l i t t e r s ,  body weight a f t e r  28 days i s  

s t i l l  l e s s  i n  animals from l a rge  l i t t e r s  (McKeowen and MacMahon, 1956). 

This study conf i rmed these r e s u l t s  i n  pos tna ta l  growth i n  guinea p igs  

s tud ied f o r  21  days a f t e r  b i r t h .  I t  i s  i n t e r e s t i n g  t o  note  t h a t  some 

s tud ies  have shown human i n f a n t s  w i t h  a smaller b i r t h  weight gain weight 

more r a p i d l y  i n  the  postnata l  pe r i od  than l a r g e r  i n f a n t s  and have a 

s t rong tendency t o  increase i n  crown rump l eng th  more r a p i d l y  (Thomson, 

1955). However i n  a recent  study, Pomerance and K r a l l  (1984) found a 

near zero c o r r e l a t i o n  between b i r t h  weight and i n f a n t  weight r a t e  ga in  

and an e s s e n t i a l l y  zero r e l a t i o n s h i p  between b i r t h  l eng th  and i n f a n t  r a t e  

o f  l eng th  growth. 

The wide range o f  body weights w i t h i n  a p a r t i c u l a r  age group i n  

t h i s  study, necessitated presenta t ion o f  most o f  these data  r e l a t i v e  t o  

body weight f o r  easier  comparison between groups. I n t e r e s t i n g l y  w i t h  

each group the range o f  body weights was normally d i s t r i bu ted ,  confirmed 

by frequency d i s t r i b u t i o n  p lo ts .  Body weight was observed t o  decrease by 

1 t o  6 grams immediately post  partum i n  most l i t t e r s .  Th is  weight was 

usua l l y  regained by day 4 o r  5. S im i la r  observations have been noted 

both  i n  guinea p i gs  de l ivered by Caesarian sec t ion  (Wagner and Foster, 

1976) and vag ina l ly -de l ivered human i n f a n t s  (Nelms and Mu l l i ns ,  1982), 

presumably due t o  water loss .  A f t e r  day 5, guinea p i gs  gained between 5 

and 10 grams per day. Ediger (1976) reported an average weight gain o f  

2.5 t o  3.5 grams d a i l y  f o r  the  f i r s t  2 months so i t  i s  poss ib le  t h a t  the 
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f i r s t  month of growth i s  accelerated compared t o  the second month. Body 

weights of guinea pigs i n  t h i s  study a t  2 and 3 weeks of age are s imi la r  

t o  those previously reported (Lechner and Banchero, 1980). 

5.2 Changes i n  Lung Weight 

The guinea p i g  lung i s  comprised o f  three l e f t  lobes; cranial ,  

middle and caudal and four r i g h t  lobes; crania l ,  middle, caudal and 

accessory (Breazile and Brown, 1976). This study showed a r a t i o  o f  

approximately 1.21 fo r  r i g h t  lung weight / le f t  lung weight ra t i o .  Webster 

and L i l j eg ren  (1949) reported lung weight was proport ional  t o  body weight 

t o  the power .73 i n  guinea pigs. The study was performed on guinea pigs 

up t o  1400 grams i n  weight, ind ica t ing  that  as long as the guinea p i g  

increased i n  body weight, lung weight also increased. An adult  weight 

f o r  guinea pigs i s  usually 600 t o  800 grams (Wagner and Manning, 1976) so 

presumably, these animals were force-fed. The present study demonstrated 

a s ign i f i can t  increase i n  lung weight between week 1 and week 2 i n  both 

r i g h t  and l e f t  lungs, however the increase i n  lung weight was 

propor t ional  t o  body weight t o  the power .39 i n  cont ro l  groups ( r  = .9611 

contro l ) .  The lower exponent compared t o  tha t  o f  other invest igators may 

be due t o  the short time period studied and the small gain i n  lung weight 

and body weight between b i r t h  and week 1. As discussed previously, the 

neonatal guinea p i g  loses weight a f t e r  b i r t h  and does not regain t h i s  

weight f o r  approximately 5 days. During t h i s  period the lung does not 

gain weight appreciably. The d i f f e r e n t  resu l ts  found i n  t h i s  study may 

also be due t o  the changing re lat ionship between WL and Wb during the 

period studied. From the equations reported i n  section 4.2 fo r  l inear ,  
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exponen t ia l  and power func t ions ,  t h e r e  appears t o  be no one func t i on  t h a t  

f i t s  t h e  da ta  b e t t e r  than t h e  others.  A l l  t h ree  func t i ons  demonstrate 

good r e l a t i o n s h i p s  between WL and W,,. The h ighes t  c o r r e l a t i o n  i s  

with t h e  power f u n c t i o n  i n  c o n t r o l  groups. 

As with o the r  organs i n  t h e  guinea p ig ,  t h e  r e l a t i v e  weight o f  t he  

lungs decreases as t h e  body weight increases, however i n  a study 

comparing r e l a t i v e  weight reduc t ion  i n  l i v e r ,  hea r t ,  spleen, kidney and 

lungs, t h e  lungs had t h e  l a r g e s t  r e l a t i v e  decrease w i t h  t h e  t rend  towards 

lower r a t i o s  i n  lower weight groups. There i s  a l a r g e  i n i t i a l  drop i n  

r e l a t i v e  l ung  weight du r ing  the  1 s t  week o f  growth fo l l owed  by a f a i r l y  

steady d e c l i n e  up t o  adulthood (Webster and L i l j e g r e n ,  1949). The 

present  s tudy conf irmed t h i s  t rend.  Growth i n  l u n g  weight may be 

accomplished by an increase i n  c e l l  number and/or c e l l  s i z e  o r  by an 

increase i n  t h e  i n t e r c e l l u l a r  connect ive t i s s u e  m a t r i x  (Thurlbeck, 

1975). The decreasing r e l a t i v e  l ung  weights observed i n  t h i s  study 

i n d i c a t e  t h a t  body weight i s  i nc reas ing  a t  a f a s t e r  r a t e  than lung  

weight.  Dry l ung  weight was used as an index o f  t i s s u e  mass present i n  

t h e  lung. Tissue mass increases s i g n i f i c a n t l y  between week 1 and week 2 

as p r e v i o u s l y  i n d i c a t e d  by wet l u n g  weight. The wetJdry l ung  weight 

r a t i o  remains f a i r l y  constant  i n  c o n t r o l  group animals i n d i c a t i n g  

increased c e l l  growth. 

5.3 Changes i n  Lung Volume 

Lung growth i s  assessed by t h e  measurements o f  bo th  l ung  weight and 

l u n g  volume. The lung  has a unique a b i l i t y  t o  increase i n  s i z e  w i thout  a 

concomitant increase i n  weight. Th is  i s  due t o  an increased f i l l i n g  o f  
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the  a i r  spaces per gram o f  t issue.  Growth i n  weight and volume o f  the 

lung may no t  necessari ly be p a r a l l e l  due t o  a l t e ra t i ons  i n  i t s  i n t e r n a l  

complexity (Thurlbeck 1975; Emery, 1970). I n  t h i s  study lung volume 

increased s i g n i f i c a n t l y  w i t h  age between week 1 and 2 i n  con t ro l  groups. 

Furthermore, lung volume r e l a t i v e  t o  body weight increases s i g n i f i c a n t l y  

w i t h  age bu t  occurs a t  d i f f e r e n t  ages from absolute measurement 

increases. S ign i f i can t  d i f fe rences occur between week 0 and 1, and 

between week 1 and 2 i n  r e l a t i v e  lung volume measurement. 

Figure 6 shows the increase i n  lung volume w i t h  increases i n  body 

weight i n  exercised and non-exercised groups. The mean lung volumes f o r  

non-exercised groups could be f i t  t o  l i nea r ,  exponential and power 

functions equal ly  wel l ,  so i t  i s  d i f f i c u l t  t o  assess which funct ion best 

describes the data. D i f f i c u l t y  descr ib ing the data i n  t h i s  study w i t h  

one p a r t i c u l a r  funct ion can be a t t r i b u t e d  t o  the shor t  t ime per iod 

studied. The immediate postnata l  growth per iod i n  guinea p igs  i s  l i k e l y  

best  described by the i n i t i a l  l i n e a r  po r t i on  o f  the exponental curve 

which describes growth t o  adulthood. 

I n  t h i s  study, lung volume measurement r e f e r s  t o  the f i xed  lung 

volume measurement a f t e r  72 hours o f  formal in  perfusion. A question 

n a t u r a l l y  a r i ses  about the c o r r e l a t i o n  between any f i x e d  lung volume 

measurement and t o t a l  lung capaci ty i t  might r e f l e c t .  F ixed lung volume 

i n  r a t s  has been shown t o  approximate c lose ly  the volume o f  a i r  which the 

lung may accommodate a t  maximum i n f l a t i o n  (Berend - e t  -* a1  1980; Kida and 

Thurlbeck 1980). I n  t h i s  study, pressure volume curve measurements were 

attempted on excised guinea p i g  lungs t o  determine t h e i r  t o t a l  lung 

capaci ty before f i xa t i on .  These attempts were unsuccessful due t o  the 
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i r r e v e r s i b l e  airway cons t r i c t i on  which occurs i n  guinea p i g s  a f t e r  

death. This has been the experience o f  other i nves t i ga to r s  w i th  guinea 

p i gs  (Pare and Kida, personal communication). I t  i s  u n l i k e l y  however 

t h a t  the lungs were not  f u l l y  i n f l a t e d  w i th  formal in  as each lung was 

i n f l a t e d  maximally by hand i n  order t o  overcome t h i s  h igh  opening 

pressure, before being attached t o  the formal in  per fus ion system. 

5.4 Changes i n  Quant i ta t ive  Morphometry 

Present i n t e r e s t  i n  the a l t e r a t i o n  o f  lung growth by experimental 

and c l i n i c a l  fac to rs  s ta r ted  i n  the  ear l y  1960's w i t h  the  app l i ca t ion  and 

development o f  modern morphometric technique t o  the lung by Weibel (1963) 

and D u n n i l l  (1962). The term morphometry r e f e r s  t o  a body,of 

quan t i t a t i ve  methods f o r  assessing the anatomical s t r uc tu re  o f  an organ 

(Sect ion 2.5). I n  t h i s  study, the  volume propor t ion of a lveo lar  a i r ,  

duct  a i r ,  b ronch ia l  a i r  and nonparenchyma, as w e l l  as surface area, mean 

l i n e a r  i n t e r cep t  and mean chord leng th  o f  a l v e o l i  and ducts were assessed. 

A recent study on normal lung  growth i n  "the neonatal guinea p i g  

demonstrated a lveo lar  septa ind is t ingu ishab le  i n  appearance and 

dimensions from those o f  adu l t  guinea p igs  (Lechner and Banchero, 1982). 

Th is  advanced stage o f  lung development a t  b i r t h  was observed i n  the 

present study and confirms the hypothesis o f  Engle (1953) t ha t  pulmonary 

development p a r a l l e l s  the o v e r a l l  l e v e l  o f  development a t  b i r t h .  Newborn 

guinea p i g s  are capable o f  thermoregulating and feeding i n  the absence o f  

maternal care ( H i l l ,  1959; Wagner and Manning; 1976; personal 

observations). Lechner and Banchero showed minimal evidence f o r  any 

pos tna ta l  p r o l i f e r a t i v e  phase. Features t h a t  were considered t y p i c a l  of 
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neonatal lungs i n  r a t s ,  mice and humans such a s  double capi l lary layers 

and crest ing septa ar is ing from saccules were rarely seen i n  guinea pigs 

even a t  10 days preterm (Burri, 1974; Hislop and Reid, 1974; Vaccaro and 

Brody, 1978). Prenatal lung development also appeared t o  be different  i n  

guinea pigs than other mammals. Terminal and respiratory bronchioles 

were present in  prenatal guinea pigs whereas B u r r i  (1974) reported no 

respiratory bronchioles i n  newborn r a t s  u n t i l  about 10 days of age. 

Elastin f ibres  appeared i n  bronchial walls, alveolar duct walls and. 

' a lveol i1  i n  the young guinea pigs, which usually indicates  that  alveolar 

walls have s tabi l ized i n  s i ze  (Loosli and Pot ter ,  1959; Emery, 1970). 

However t h i s  network was observed t o  be discontinuous i n  the younger 

animals, which may indicate some postnatal segmentation (Emery, 1970 ) . 
Lechner and Banchero's data indicates  some segmentation by demonstrating 

s igni f icant  increases in  lung surface area to  volume r a t i o  i n  newborn 

guinea pigs. 

In reference to  the three stages of postnatal lung growth described 

by Burri (1974) i n  the r a t ,  and outlined i n  the Introduction section, it 

would seem the guinea pig i s  in  the f ina l  phase, t ha t  of equilibrated 

growth. During t h i s  phase increases i n  lung volume, t i s sue  and airspace 

volumes and surface areas a re  nearly evenly matched, so tha t  septa1 

dimensions and surface densi t ies  remain f a i r ly  constant. 

I n  the r a t ,  there is  a biphasic relationship between body weight 

( W b )  , VL and Sw. For days 1-10, VL a Wb *99, whereas for  

days 10-131, VL a W 0•‹70 and for days 1-21, S, a VL 1.6 then for 

days 21-31, Sw a VL 0•‹71. The f i r s t  phase coincides with Burr i t s  

t i s sue  prol i ferat ion period from day 3 or 4 to  day 13, while the second 



phase indicates the period o f  equi l ibrated growth. The present study 

demonstrates a monophasic re la t ionship between the above parameters such 

tha t  from days 1-21, VL a Wb w48 and Sw a VL *65 i n  normal 

controls. These exponents d i f f e r  somewhat from those o f  Lechner and 

Banchero (1982) who demonstrated VLa Wb .731 and Sw a VL .957 

i n  17 post partum animals and VL a W .694 and Sw a VL .921 in 

guinea p igs from b i r t h  t o  adulthood (Lechner and Banchero, 1980). 

Forrest and Weibel (1975) reported VLa W i n  adul t  guinea pigs. 

The re lat ionship between surface area and lung volume found i n  t h i s  

study was s imi la r  t o  that  demonstrated i n  the r a t  during the phase o f  

equi l ibrated growth, however the re lat ionship between lung volume and 

body weight was not as evident as i n  previous studies. As.discussed i n  

section 5.5, these differences are probably a t t r i bu tab le  t o  the time 

points a t  which lung volume i s  measured, r e l a t i v e  t o  body weight. 

Postnatal growth i n  lung volume may be best described by a l i nea r  or  

exponential function fo r  the 1st  21 days o f  l i f e  i n  guinea pigs. I f  

surface areas w i th in  the lung increased wi th  increasing VL only through 

the enlargement o f  pre-exist ing a lveo l i ,  Sw would be proport ional  t o  

v~ *67, exponents greater than .67 would ind icate the addi t ion o f  new 

a l v e o l i  as we l l  as alveolar enlargement during lung development 

( B a r t l e t t  , 1971; B u r r i  - e t  = a1 9 1974; Thurlbeck, 1975). The re lat ionship 

Sw a v~ 065 demonstrated i n  t h i s  study indicated enlargement o f  

pre-exist ing a l veo l i  or hypertrophy, rather than addi t ion o f  new 

respi ratory uni ts,  i n  contrast t o  f indings o f  other invest igators 

(Lechner and Banchero, 1982) who ind icate addi t ion o f  new a l v e o l i  
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throughout growth. 

While other inves t iga to rs  have described the surface area t o  lung 

volume re l a t i onsh ip  using a power function, the data i n  t h i s  study f i t t e d  

an exponent ia l  and l i n e a r  func t ion  equal ly  wel l ,  i n  non-exercised and 

exercised groups (Section 4.4.3). I t  was therefore  impossible t o  

determine the best funct ion t o  describe surface area t o  lung volume 

re l a t i onsh ip  i n  guinea p i gs  from data l i m i t e d  t o  the f i r s t  3 weeks o f  

l i f e .  F igure 8 represents the re l a t i onsh ip  between a lveo la r  surfac.e area 

and lung volume found i n  t h i s  study. The re l a t i onsh ip  between these 

var iab les  was best described by an exponential funct ion i n  both 

non-exercised and exercised groups (sect ion 4.4.3) although the r values 

f o r  exponent ia l  funct ions were on ly  marginal ly  h igher than.those f o r  

l i n e a r  functions. 

I f  the lung grew by a lveo la r  mu l t i p l i ca t i on ,  the average distance 

between a lveo lar  wal ls  (G) would remain the same, o r  increase 
- 

s l i g h t l y .  I f  the lung grew by expansion o f  pre-ex is t ing a l veo l i ,  Lm 

would increase w i t h  age and lung volume (Thurlbeck, 1975). I n  t h i s  

study, Em increases by 11% over the 3 week period, bu t  t h i s  increase 

was no t  s i g n i f i c a n t l y  d i f f e r e n t  a t  any age, therefore  i t  i s  d i f f i c u l t  t o  

assess whether o r  no t  new resp i r a to r y  u n i t s  were forming a t  t h i s  time. 

Studies on hamsters have shown mean l i n e a r  i n t e r cep t  ceases t o  increase 

by 6 weeks. This may be explained by the general growth pa t te rn  i n  these 

animals, namely, body weight and n o s e t a i l  length  cease t o  increase by 6 

weeks o f  age and no growth i s  seen therea f te r  (Snider and Sherter, 

1977). 

The mean chord leng th  o f  a l v e o l i  (Fa) increased s i g n i f i c a n t l y  
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between week 1 and week 3, i n d i c a t i n g  an increase i n  s i ze  o f  a l veo l i ,  and 

therefore  hypertrophy. Mean chord length  o f  ducts remained constant w i th  

age. A progressive, though small  increase i n  a lveo la r  dimension dur ing 

chi ldhood has been noted by most inves t iga to rs  (Dunni l l ,  1962; Hieronymi, 

1961; Nakamura e t  al., 1967; Wyatt - e t  -- a1 9 1962) bu t  others have found no 

increase i n  a lveo lar  dimensions u n t i l  3 years o f  age (Davies and Reid, 

1970) o r  10 years o f  age (Emery and Wilcock, 1966). The consensus 

appears t o  be t ha t  lung volume always increases more than a lveo lar  number 

so t h a t  a l v e o l i  progressively enlarge i n  humans. 

I n  the present study surface area remained constant over the 3 week 

per iod however r e l a t i v e  t o  body weight, surface area was s i g n i f i c a n t l y  

d i f f e r e n t  due t o  age i n  c o n t r o l  animals, presumably due t o , t h e  increase 

i n  body weight. The constant surface area pa ra l l e l ed  the constant volume 

propor t ions o f  a lveo lar  a i r ,  a l veo la r  w a l l  and duct a i r .  The volume 

p ropor t ion  of non-parenchyma was a l so  constant, therefore  l i t t l e  

depos i t ion of connective t i ssue  o r  blood vessel development i s  evident a t  

t h i s  time. Predictably,  the t o t a l  volume o f  a l veo la r  a i r  (Va) per mean 

lung  volume (Table 6b) increased s i g n i f i c a n t l y  between week 1 and week 

3. There were no p a r a l l e l  increases i n  t o t a l  duct a i r  (Vd), a lveo lar  

w a l l  (Vw) conducting airway (Vb) o r  non-parenchyma (V ) which 
nP 

ind ica tes  t h a t  t o t a l  lung volume increases may be due on ly  t o  expanding 
3 

a l veo l i .  This was again i nd i ca ted  i n  the constant r a t i o  V a / l a ,  an 

index of t o t a l  a lveo lar  number per  whole lung. There was a s l i g h t  (5.5%) 

bu t  i n s i g n i f i c a n t  increase i n  t h i s  estimate over the  3 week per iod i n  

c o n t r o l  animals. The average estimate o f  a l v e o l i  per guinea p i g  lung was 

81.567 m i l l i o n .  



5.5 Changes i n  Pro te in  and DNA content 

The d e t a i l s  o f  organ growth and whole body growth have been 

inves t iga ted  i n  r a t .  The lung  appears t o  f o l l ow  t he  same general growth 

pa t t e rn  ou t l i ned  by whole body growth (Enesco and Leblond, 1962; Winick 

and Noble, 1965; Thurlbeck, 1975). A t  b i r t h ,  the  weight of 

deoxyribonucleic ac id  (DNA), an index o f  n u c l e i  number, does not  qu i t e  

match t he  increase i n  body weight dur ing the  f i r s t  two weeks o f  l i f e ,  

thus n u c l e i  per gm body weight (DNA/Wb) tends t o  decrease s l o w l y .  The 

amount o f  water i n  t i ssue  and organs va r ies  w i t h  age, there fore  a be t t e r  

r e l a t i o n s h i p  i s  the change i n  amount o f  p r o t e i n  per nucleus 

(protein/DNA) . Whole body p r o t e i n  increases f as te r  than DNA, thus 

protein/DNA increases f o r  most o f  the growing period. This appears 

p r i m a r i l y  due t o  increased c e l l  cytoplasm i n  f a t  and muscle and an 

increase i n  i n t e r c e l l u l a r  connective t i s sue  (Thurlbeck, 1975). 

I n  general, organs w i t h  expanding c e l l  populat ions such as lung, 

b ra in ,  l i v e r ,  kidney and hear t  f o l l ow  t h i s  o u t l i n e  i n  th ree  phases, i n  

t he  r a t .  From b i r t h  t o  14-17 days, organs grow by c e l l  mu l t i p l i ca t i on ;  

t he  amount o f  DNA increases r a p i d l y  and the  amount o f  p r o t e i n  per nucleus 

remains approximately constant. The second phase cons t i t u t es  a per iod o f  

slower c e l l  m u l t i p l i c a t i o n  r e l a t i v e  t o  p r o t e i n  synthesis, thus whereas 

t he  amount o f  DNA and number o f  n u c l e i  continue t o  increase, there i s  an 

o v e r a l l  increase i n  protein/DNA r a t i o .  This phase continues up u n t i l  5-7 

weeks o f  age when the f i n a l  phase takes over. C e l l  p r o l i f e r a t i o n  i s  slow 

o r  stops al together,  c e l l  enlargement i s  s l i g h t  o r  may stop, thus the 

amount o f  protein/DNA remains f a i r l y  constant, as does amount o f  DNA. 

Re la t i ve  t o  other organs w i t h  expanding c e l l  populat ions the  b r a i n  and 
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the lung demonstrate the largest  increases i n  

period, bu t  whereas the bra in  adds few nuc le i  

DNA i n  the ear ly growth 

a f t e r  day 14, the lung 

continues t o  add c e l l s  slowly (Thurlbeck, 1975). 

The guinea p i g  lung a f t e r  b i r t h  appears t o  be i n  the second phase 

described, that  o f  slower c e l l  mu l t i p l i ca t i on  r e l a t i v e  t o  prote in 

synthesis. , Absolute DNA/lung increased by only 9% whereas NCT 

protein/ lung increased s i g n i f i c a n t l y  by 43% i n  controls. This 

re la t ionsh ip  const i tutes a s ign i f i can t  ove ra l l  increase i n  the 

protein/DNA ra t i o .  There i s  a p o s s i b i l i t y  however, tha t  during the 1s t  

postnatal  week, the guinea p i g  i s  i n  the l a t t e r  phase o f  the 

p r o l i f e r a t i v e  period. Between week 0 and week 1, DNA i n  mg/gm and mg/dry 

lung increases, though not s ign i f i can t l y ,  before s ta r t i ng  t o  decrease. 

The data suggests hyperplasia dur ing week 1 and hypertrophy o f  c e l l s  from 

1 t o  3 weeks. Relative t o  whole body growth, lung pro te in  decreased 

s ign i f i can t l y  between week 1 and week 2, as d id  lung DNA. For the f i r s t  

week, lung prote in and DNA content approximately matched the increase i n  

body weight, then between 1 week and 2 weeks, body weight increased a t  a 

faster  r a t e  than lung prote in and DNA, then f i n a l l y  during the 2nd and 

3rd week, the increase i n  body weight approximately matched lung DNA and 

pro te in  content. 

5.6 E f fec ts  o f  Exercise on General Character ist ics 

The mean body weight of exercised animals was consistent ly lower 

than the cont ro l  counterparts f o r  each age group. During the f i r s t  week 

o f  exercise, body weight increased only 7%, compared t o  23% i n  non 

exercised controls. This di f ference i n  weight gain became s ign i f i can t  by 
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the  end o f  2 weeks exercise. The lower body weights of exercised animals 

i s  presumably due t o  a l oss  i n  body f a t  (Weltman - e t  -- a1 7 1980; Tran e t  - 
a1 1983), bu t  may be a t t r i b u t a b l e  t o  an ac tua l  growth r e ta rda t i on  due ,* 9 

t o  exercise. Whatever the reason f o r  weight l oss ,  i t  i s  i n t e r e s t i n g  t o  

note t h a t  a f t e r  3 weeks, both  exercised and c o n t r o l  mean body weights are 

w e l l  matched i n d i c a t i n g  a r a p i d  growth per iod  dur ing the 3 rd  week i n  the 

exercised group, poss ib ly  as a r e s u l t  o f  t h e i r  acc l imat ion t o  the 

exerc ise st imulus. 

S i g n i f i c a n t  weight l o s s  shown i n  exerc ise groups a f t e r  2 weeks i s  

a l so  r e f l e c t e d  i n  s i g n i f i c a n t l y  smal ler  femur lengths i n  exercised 

animals. Femur length  is an index o f  whole body growth so t h a t  l i n e a r  

growth a l s o  appears t o  be re tarded by the exerc ise regimen dur ing the 

f i r s t  2 weeks. However, dur ing t he  3rd  week o f  exercise, animal femur 

lengths from both  c o n t r o l  and exerc ise groups are  w i t h i n  the  same range, 

although exerc ise lengths were marg ina l ly  smaller. Hansen (1982) has 

r ecen t l y  repor ted epiphyseal changes i n  the proximal  humerus of a young 

basebal l  p i t cher ,  perhaps due t o  s i m i l a r  s t ress  on growing bones. A 

marked widening and concomitant osteoporosis o f  t he  proximal  humeral 

epiphyses was f i r s t  reported by Do t te r  (1953) and termed " L i t t l e  

Leaguerst shouldern. Crown t o  rump length, another measure o f  whole body 

growth was no t  s i g n i f i c a n t l y  a f f ec ted  i n  the exerc ise groups, bu t  there  

was a t r end  towards a reduced l eng th  o f  t h i s  var iab le .  Pred ic tab ly  crown 

rump l eng th  increased s i g n i f i c a n t l y  w i t h  age. 

5.7 E f fec ts  of Exercise on Heart  Weight 

Cardiac hypertrophy due t o  endurance exerc ise t r a i n i n g  i s  a normal 
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p h y s i o l o g i c a l  response (Ros t ,  1982).  Morganroth and Maron (1975) 

t o g e t h e r  wi th  o t h e r s ,  de sc r ibed  t h e  endurance a l t h l e t e ' s  h e a r t  a s  d i l a t e d  

wi thout  an  i n c r e a s e  i n  myocardial  wa l l  t h i cknes s .  I n  c o n t r a s t ,  weight 

t r a i n i n g  a t h l e t e s  e x h i b i t  hyper t rophied  c a r d i a c  muscle ( e s p e c i a l l y  l e f t  

v e n t r i c u l a r  wal l  t h i c k n e s s ) .  I n  haemodynamic terms t h i s  observa t ion  is  

cons i s t en t . ,  I somet r ic  p h y s i c a l  e x e r c i s e  r e s u l t s  i n  predominantly 

p r e s s u r e  work, whereas endurance work a f f e c t s  flow c h a r a c t e r i s t i c s  and 

i n c r e a s e s  c a r d i a c  ou tput .  Rost (1982) and Longhurst  e t  a l . ,  (19811, 

c l e a r l y  demonstrated t h a t  t h e  endurance a t h l e t e s 1  h e a r t  had both 

i nc reased  l e f t  v e n t r i c u l a r  d iameter  a s  well a s  some myocardial  wal l  

t h i c k n e s s  i n c r e a s e  compared t o  normal whereas i n c r e a s e s  i n  l e f t  

v e n t r i c u l a r  s i z e  observed r e s u l t i n g  from exces s ive  muscular i some t r i c  

work, occur red  only i n  r e l a t i o n  t o  i n c r e a s e s  i n  body mass. I n  t h i s  

s t u d y ,  t h e r e  appeared t o  be no changes i n  mean h e a r t  weight  o r  h e a r t  

weight/body weight p ropor t i on  between exe rc i s ed  and c o n t r o l  animals.  I n  

fact,  a b s o l u t e  h e a r t  weights  i n  exe rc i s ed  animals  were less than t h e i r  

c o n t r o l  group c o u n t e r p a r t s  a t  week 1 and 2 r e s p e c t i v e l y ,  a l though t h i s  

was probably a r e f l e c t i o n  o f  reduced body weights  i n  t h e  exe rc i s ed  

groups. The h e a r t  weight/body weight  p ropor t i on  was h ighe r  i n  exe rc i s ed  

animals  a t  both week 2 and 3 probably r e s u l t i n g  from some c a r d i a c  

hypertrophy al though t h e  d i f f e r e n c e s  observed were n o t  s i g n i f i c a n t .  

Hear t  weight  i nc reased  over  t h e  3 week per iod  by 66% i n  exe rc i s ed  animals  

and 45% i n  c o n t r o l  animals ,  a d i f f e r e n c e  which i n d i c a t e s  p o s s i b l e  

hypertrophy over  t h e  3 week pe r iod  i n  exe rc i s ed  animals .  

Keul - e t  -* a 1  9 (1982) demonstrated d i f f e r e n t  a d a p t a t i o n s  i n  humans 

r e s u l t i n g  from moderate endurance t r a i n i n g  ( >  3 hours  running per  week) 



compared t o  i n t e n s i v e  endurance t r a i n i n g  ( >  10 hour s  running per  week) 

b u t  found no i n c r e a s e  i n  h e a r t  s i z e  with moderate t r a i n i n g .  An argument 

t h a t  t h e  i n t e n s i t y  o f  e x e r c i s e  t r a i n i n g  i n  t h i s  s t udy  was moderate f o r  

gu inea  p i g s  i s  unconvincing, because o t h e r  i n v e s t i g a t o r s  have 

demonstrated h i s tochemica l  changes i n  s k e l e t a l  muscle fo l lowing  t r e a d m i l l  

e x e r c i s e  OF  s i m i l a r  i n t e n s i t y  t o  t h a t  used i n  t h i s  s t udy  on a d u l t  guinea 

p i g s  (Faulkner  - e t  -* a 1  9 1972; Maxwell - e t  -- a 1  9 1973; Barnard e t  a l . ,  

1970) .  These i n v e s t i g a t o r s  t r a i n e d  animals  f o r  l onge r  p e r i o d s  than used 

i n  t h e  p r e s e n t  s t udy ,  s o  i t  is p o s s i b l e  3 weeks was n o t  a  s u f f i c i e n t l y  

long t r a i n i n g  pe r iod  t o  produce s i g n i f i c a n t  i n c r e a s e s  i n  h e a r t  weight . 

5.8 E f f e c t s  of  Exerc i se  on Lung Weight 

The i n c r e a s e  i n  lung weight was p r o p o r t i o n a l  t o  body weight t o  t h e  

power .38 (r=.9149) ,  n e a r l y  i d e n t i c a l  t o  t h a t  found i n  c o n t r o l  groups. 

However, a s  with c o n t r o l  groups t h e r e  appeared t o  be no one func t ion  t h a t  

f i t  t h e s e  d a t a  b e t t e r  t han  any o t h e r  ( s e c t i o n  4.2) a l t hough  t h e  l i n e a r  
' ~ 

func t ion  demonstrated t h e  b e s t  c o r r e l a t i o n  ( k . 9 4 6 9 )  t h i s  was d i f f e r e n t  

from t h a t  found i n  c o n t r o l s ,  where t h e  power ' func t ion  demonstrated t h e  

b e s t  c o r r e l a t i o n  (r=.,9611). F igu re  5 shows mean lung weight  i n c r e a s e s  

wi th  i n c r e a s i n g  body weight a t  t h e  same r a t e  i n  bo th  e x e r c i s e d  and 

c o n t r o l  groups evidenced by i d e n t i c a l  s l o p e s  i n  t h e  r e s p e c t i v e  l i n e a r  

equa t ions .  However, t h e  c o n t r o l  group cu rve  r eaches  a  p l a t e a u  a t  a  lung 

weight e q u a l  t o  1.675 gm and body weight o f  210.97 gm. The e x e r c i s e  

group cu rve  con t inues  t o  rise exponen t i a l l y ,  and shows no s i g n  of 

reaching  a  p l a t eau .  It may be t h a t  lung weight does  no t  e x h i b i t  a  growth 

' p l a t e a u t  u n t i l  i t  reaches  a  ' c r i t i c a l  weight.  I n  t h i s  s t u d y ,  growth i n  



t h e  e x e r c i s e d  animals  appears  t o  be  r e t a r d e d ,  s o  t h i s  ' c r i t i c a l '  weight 

would be  reached a t  a l a t e r  time compared t o  c o n t r o l  animals .  

After 2 weeks o f  e x e r c i s e  a s i g n i f i c a n t  d e c r e a s e  i n  abso lu t e  lung 

weight was observed i n  exe rc i s ed  animals  a l though t h e r e  was no 

d i f f e r e n c e s  i n  r e l a t i v e  lung  weight.  This  i s  i n  agreement with B a r t l e t t  

(1970a) who d i d  n o t  demonstrate  s i g n i f i c a n t  changes i n  lung weight 

fo l lowing  t r e a d m i l l  e x e r c i s e  i n  r a t s ,  a l though h i s  d a t a  show a t r e n d  

towards lower lung weight i n  e x e r c i s e d  animals .  I n  r a t s  t r a i n e d  f o r  4 

and 8 weeks by swimming, lung weight  was n o t  s i g n i f i c a n t l y  a f f e c t e d  (Fu, 

1976).  Hugonnaud - e t  -* a 1  9 (1977) f a i l e d  t o  show any d i f f e r e n c e s  i n  

a b s o l u t e  o r  s p e c i f i c  lung weight i n  mice made h y p e r k i n e t i c  with imino 

d i p r o p i o n i t r i l e .  Two way ANOVA demonstrated an i n t e r a c t i v e  effect 

between e x e r c i s e  and growth i n  t h e  parameters  o f  lung  weights .  One way 

ANOVA showed t h e  e x e r c i s e  t r ea tmen t  t o  have a g r e a t e r  i n f l u e n c e  than 

growth. 

Dry lung weight was used a s  an index o f  t i s s u e  mass p re sen t  i n  t h e  

lung.  T i s sue  mass i n c r e a s e s  s i g n i f i c a n t l y  between week 2 and week 3 i n  

e x e r c i s e  groups. This  s i g n i f i c a n t  i n c r e a s e  i n  t i s s u e  mass appears  t o  be 

de layed  i n  e x e r c i s e  groups compared t o  c o n t r o l  groups where t h e  i n c r e a s e  

t a k e s  p l a c e  between week 1 and week 2. The s i g n i f i c a n t l y  decreased wet 

lung  weight  i n  week 2 exe rc i s ed  an imals  compared t o  c o n t r o l  coun te rpa r t s  

was p a r a l l e l e d  by a s i g n i f i c a n t l y  reduced d ry  lung weight bu t  r e l a t i v e  

d r y  lung weights  were no d i f f e r e n t  between t h e s e  groups. I n t e r e s t i n g l y ,  

t h e  p r o t e i n  con ten t  per  gram dry  weight o f  lung i n  week 2 e x e r c i s e  

an imals  was s i g n i f i c a n t l y  g r e a t e r  t han  i n  c o n t r o l  an imals ,  a l though t o t a l  

p r o t e i n  p e r  lung was no t  d i f f e r e n t  between t h e s e  groups. This  sugges t s  a 
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g r e a t e r  percentage  o f  d ry  weight is due t o  p r o t e i n  c o n t e n t  i n  t h e  

e x e r c i s e  group when compared t o  t h e  c o n t r o l  group a t  week 2. The 

r educ t ion  i n  wet and dry  lung weight  i n  t h e  week 2 group cannot  be 

accounted f o r  by a  reduced NCT p r o t e i n  f r a c t i o n  which s u g g e s t s  a  p o s s i b l e  

r educ t ion  i n  t h e  CT p r o t e i n  f r a c t i o n  ( co l l agen  and e l a s t i n )  which was no t  

measured. ,The wet/dry lung  weight  r a t i o  was s i g n i f i c a n t l y  d i f f e r e n t  

between week 1 and week 3 e x e r c i s e d  groups,  i n  c o n t r a s t  t o  t h e  f a i r l y  

c o n s t a n t  wet/dry weight r a t i o  i n  c o n t r o l  groups. The h ighe r  r a t i o  i n  

e x e r c i s e  groups could  be due t o  decreased  t i s s u e  H20 i n  t h e  d r i e d  

t i s s u e ,  o r  a  s l i g h t l y  g r e a t e r  r ange  o f  both wet and dry  l ung  weights  

between week 1 and week 3 i n  e x e r c i s e  groups when compared t o  c o n t r o l  

groups. 

5.9 E f f e c t s  o f  Exe rc i s e  on Lung Volume 

No d i f f e r e n c e s  were demonstrated i n  lung  volume due t o  e x e r c i s e  f o r  

any age group,  a l though t h e  t o t a l  i n c r e a s e  i n  lung volume over  3 weeks 

was 8% g r e a t e r  i n  e x e r c i s e d  an imals  t han  i n  c o n t r o l  animals .  These 

r e s u l t s  a r e  i n  agreement wi th  B a r t l e t t  (1970a). After 20 days of  d a i l y  

exhaus t ive  t r e a d m i l l  running t h e  l ung  volumes o f  e x e r c i s e d  r a t s  were n o t  

d i f f e r e n t  from c o n t r o l  animals .  I n  t h e  p r e s e n t  s t udy ,  r e l a t i v e  lung 

volume d e c r e a s e s  s i g n i f i c a n t l y  w i th  age. Th i s  d e c r e a s e  o c c u r s  between 

week 0 and week 1 and a g a i n  between week 1 and week 2 i n  both e x e r c i s e  

and c o n t r o l  groups. F igure  6 shows t h e  i n c r e a s e  i n  lung volume wi th  

i n c r e a s e s  i n  body weight i n  e x e r c i s e d  and non-exercised groups.  The 

e x p o n e n t i a l  f unc t ion  f i t  t h e  e x e r c i s e  group d a t a  marg ina l ly  b e t t e r  t han  

t h e  l i n e a r  func t ion  with r v a l u e s  o f  .9592, and .9512 r e s p e c t i v e l y .  
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Exerc i se  has  been r e p o r t e d  t o  change t h e  f u n c t i o n a l  capac i ty  o f  t h e  

lung.  I n  a c ros s - sec t iona l  s t udy  o f  lung dimensions o f  30 female 

swimmers, Engstrom e t  a l . ,  (1971) found t h a t  12 t o  16 y e a r  o l d  g i r l s  

cou ld  be  t r a i n e d  t o  an e x c e p t i o n a l l y  high f u n c t i o n a l  capac i ty .  I n  a 

s i m i l a r  b u t  l o n g i t u d i n a l  s t udy  ove r  8 yea r s ,  wi th  29 g i r l s ,  they found 

s i g n i f i c a n t  i n c r e a s e s  i n  s t a t i c  l ung  volumes and v i t a l  c apac i ty .  

I nc reased  v i t a l  c a p a c i t y  and maximal flow r a t e s  have a l s o  been r epo r t ed  

i n  t r a i n e d  a d u l t s  with endurance e x e r c i s e  (Bann i s t e r  e t  a l . ,  1960; . 

Freedman - e t  - a 1  9 1955; Grimby and S a l t i n ,  1966; Yost e t  a l . ,  1981). 

5.10 E f f e c t s  o f  Exerc i se  on Q u a n t i t a t i v e  Morphometry 

I n  t h i s  s t udy ,  t h e  volume p ropor t i on  o f  a l v e o l a r  a i r , . d u c t  a i r ,  

b r o n c h i a l  a i r  and non-parenchyma, a s  well a s  s u r f a c e  a r e a ,  mean l i n e a r  

i n t e r c e p t ,  mean chord l e n g t h  o f  a l v e o l i  and d u c t s ,  and an index o f  

a l v e o l a r  number were as se s sed  f o r  e x e r c i s e  and c o n t r o l  groups. 

Exe rc i s e  had no d i s c e r n i b l e  e f f e c t  on any o f  t h e s e  parameters ,  when 

compared t o  c o n t r o l  groups. Again, t h i s  is i n  agreement wi th  t h e  work o f  

B a r t l e t t  (1970a) who found no morphological  d i f f e r e n c e s  between r a t s  

t r a i n e d  f o r  20 days and c o n t r o l  animals .  There were d i f f e r e n c e s  between 

e x e r c i s e  and c o n t r o l  groups i n  t o t a l  volume o f  lung components pe r  mean 

lung  volume, due t o  growth. Whereas i n  t h e  c o n t r o l  an imals ,  only Va 

was s i g n i f i c a n t l y  i nc reased ;  i n  e x e r c i s e  an imals ,  Va,  Vd and Vw 

were a l l  s i g n i f i c a n t l y  i nc reased  due  t o  growth (Table  6b) .  I n  t h e  

e x e r c i s e d  animals  i nc reased  lung volumes may be due t o  expansion o f  

a l v e o l i  and d u c t s  i n  c o n t r a s t  t o  c o n t r o l s  where i n c r e a s e d  lung volume is 

due only  t o  expansion of  a l v e o l i .  The index o f  a l v e o l a r  number 
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I )  i n c r e a s e s ,  though n o t  s i g n i f n c a t l y  by 19% i n  e x e r c i s e  

groups between week 0 and week 3, i n  c o n t r a s t  t o  on ly  5.5% i n  c o n t r o l  

groups. Th i s  t r e n d  towards a g r e a t e r  number o f  a l v e o l i  i n  exe rc i s ed  

an imals  was a l s o  observed i n  B a r t l e t t ' s  s t udy  o f  e x e r c i s e d  r a t s .  Fu 

(1976) demonstrated s i g n i f i c a n t l y  l a r g e r  s u r f a c e  a r e a  t o  volume r a t i o s  

and a l v e o l 8 r  d e n s i t y  i n  young r a t s  e x e r c i s e d  by swimming. 

I n t e r e s t  i n  t h e  r o l e  o f  e x e r c i s e  on lung development had its 

o r i g i n s  i n  t h e  h y p o t h e t i c a l  r e l a t i o n s h i p  between metabol ic  needs f o r  

oxygen and morphometric d i f f u s i o n  c a p a c i t y  ( ~ ~ ( m ) )  proposed by Weibel 

(1970/1971). Weibel examined t h e  lung  a r c h i t e c t u r e  of  s i x  mammalian 

s p e c i e s  and confirmed an a l r e a d y  e x i s t i n g  hypo thes i s  t h a t  mammalian lung 

volume i n c r e a s e s  p r o p o r t i o n a l l y  w i th  body weight (Tenney and Remmers, 

1963; Weibel, 1967).  Weibel a l s o  found t h a t  a l v e o l a r  s u r f a c e  a r e a  and 

pulmonary d i f f u s i n g  c a p a c i t y  (DL(p))  i nc reased  n e a r l y  l i n e a r l y  with 

body weight ,  whereas t h e  morphometric pulmonary d i f f u s i n g  c a p a c i t y  

(DL(m)) r e l a t e d  t o  t h e  power 1.28 o f  oxygen consumption. Weibel 

d i s t i n g u i s h e d  DL(p) from DL(m); t h e  former r e f e r r e d  t o  t h e  

p h y s i o l o g i c a l  parameter ,  wh i l e  t h e  l a t t e r  r e f e r r e d  t o  t h e  maximum 

p o s s i b l e  t r a n s f e r  r a t e  o f  v e n t i l a t e d  gas .  Weibel demonstrated h igher  

DL(m) v a l u e s  i n  t h e  p h y s i c a l l y  a c t i v e  'wi ld"  mammals compared t o  t h o s e  

i n  c a p t i v i t y .  This  was i n  agreement with p rev ious  work which showed 

p h y s i c a l l y  a c t i v e  wal tz ing  mice had a l a r g e r  a l v e o l a r  s u r f a c e  a r e a  and a 

l a r g e r  d i f f u s i n g  capac i ty  t h a n  normal l a b o r a t o r y  mice. I n  mice wi th  a 

50% i n c r e a s e  i n  oxygen consumption due t o  imino&3 d i p r o p i o n i t r i l e  (IDPN) 

a d m i n i s t r a t i o n ,  a 23% i n c r e a s e  i n  s p e c i f i c  lung volume, an  i n c r e a s e  i n  

t h e  s p e c i f i c  gas  exchange a r e a  and a 40% i n c r e a s e  i n  DL(m) was observed 
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over c o n t r o l  values ( 8 u r r i  - e t  -- a1 1976; Hugonnaud - e t  -* a1 1977). I n  

t h i s  study, d a i l y  t r e a d m i l l  exercise ra ised  the animals' oxygen demands 

above r e s t i n g  l e v e l s  f o r  1 t o  1 1/2 hours, which was perhaps not  

equivalent  t o  the con t inua l l y  increased demand i n  Japanese wal tz ing mice 

and IDPN-treated mice. 

F igure 8 represents the  re l a t i onsh ip  between a lveo la r  surface area 

and lung volume found i n  t h i s  study. The funct ion which best  described 

the data i n  exercise groups, was the l i n e a r  funct ion,  although the . 

r-values were only marginal ly  h igher  than those f o r  the power and 

exponent ia l  funct ions a t  .9963 and .9957 respect ive ly ,  compared t o  

.9812. I n t e r e s t i n g l y  absolute surface area measurements were 

s i g n i f i c a n t l y  d i f f e r e n t  between week 1 and week 3 exercise groups 

i n d i c a t i n g  poss ib le  overexpansion. Re la t i ve  t o  body weight, however, 

t h i s  d i f fe rence  d i d  not  p e r s i s t  i n  exercised groups. There were no 

s i g n i f i c a n t  d i f fe rences due t o  age i n  r e l a t i v e  surface area i n  exercise 

groups, i n  cont rast  t o  c o n t r o l  groups where d i f ferences were found 

between week 0 and week 1, then between week 1 and week 2. 

5.11 E f f ec t s  o f  Exercise on P ro te i n  and DNA Content 

There were no s i g n i f i c a n t  d i f fe rences  between exercised and c o n t r o l  

animals a t  any age i n ;  t o t a l  p r o t e i d d r y  lung, DNA/dry lung, DNA mg/gm 

dry  lung, protein/DNA r a t i o  o r  r e l a t i v e  parameters. However there was a 

greater pro te in /dry  lung (mg/gm) value i n  week 2 exercise animals 

compared w i t h  c o n t r o l  animals. As discussed i n  sect ion 5.8 t h i s  suggests 

t h a t  the reduced wet and d ry  lung weight i n  the exercise group may be due 

t o  a decrease i n  CT protein.  I n  t he  exercised animals the re  was an 
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ove ra l l  t rend towards lower absolute prote in and DNA content/lung and 

reduced ove ra l l  growth i n  the 3 week period which was re f lec ted  i n  a 32% 

increase i n  prote in content and 0.4% increase i n  DNA content compared t o  

43% and 9% i n  contro l  group animals. The constant r a t i o  o f  protein/DNA 

over the 3 week period r e f l e c t s  nei ther  c e l l  p r o l i f e r a t i o n  nor c e l l  

enlargement i n  the exercised groups, character is t ic  o f  the t h i r d  phase o f  

organ growth described above. A d i f f e r e n t  growth pat tern may be evident 

i n  the lungs o f  exercised animals. 

5.12 Exercise Effects on Succinate Dehydrogenase A c t i v i t y  

Membrane bound succinate dehydrogenase i s  present i n  a l l  aerobic 

ce l l s ,  i s  l inked t o  the respi ratory chain and i s  an enzymein the Krebs 

cycle. It i s  a complex enzyme containing nonheme i ron ,  acid l a b i l e  

su l fur  and covalently bound f l a v i n  adenine dinucleotide (FAD). Muscle 

mitochondria1 SDH i s  located on the matrix side o f  mitochondria1 inner 

membranes and catalyzes the oxidat ion o f  succinate t o  fumerate and 

transfers the resul tant reducing equivalents d i r e c t l y  t o  the respiratory 

chain. SDH a c t i v i t y  i s  modulated by a var ie ty  o f  act ivators and 

i n h i b i t o r s  (Hederstedt and Rutberg, 1981). 

I n  t h i s  study the r a t e  o f  reduction of oxidized cytochrome C by SDH 

was measured as a marker f o r  ox idat ive capacity o f  guinea p i g  

gastrocnemius muscle (Cooperstein - e t  * a1 ) 1951). Endurance exercise has 

long been known t o  increase the ox idat ive capacity o f  skeleta l  muscle and 

i s  a good ind icator  o f  the degree t o  which an animal i s  t rained 

(Holloszy, 1967; Gollnick and King, 1969; Kowalski - e t  -- a1 9 1969; Edgerton 

e t  a1 1969; Barnard e t  al., 1971; Faulkner e t  a1 1971; Faulkner e t  - * - -- 7 
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a1 1972). A 26% increase in  SDH act ivi ty was demonstrated in week 2 ,* 3 

exercised animals above mean control group values, although t h i s  

difference was not s t a t i s t i c a l l y  significant.  An overall  increase i n  SDH 

act iv i ty  of 11% i n  control and 40% i n  experimental groups* respectively, 

indicated a def in i te  trend towards increased oxidative capacity in  the 

exercise groups, however i t  was not a significant difference. 

Unfortunately no values for 3 week age groups were obtained so it was 

impossible therefore to  determine whether SDH ac t iv i ty  was significantly 

different  between exercise and control groups a f t e r  a further week's 

training. 

Barnard - e t  -* a1 9 (1970) demonstrated no mitochondria1 adaptations in  

adult guinea pig gastrocnemius and plantar is  muscle a f t e r  9 weeks of 

daily treadmill running. However a f t e r  18 weeks, mitochondrial protein 

concentration per gram muscle increased s ignif icant ly w i t h  training. I n  

another s t u d y ,  daily treadmill running from 6 t o  14 weeks had no effects  

on guinea pig soleus or psoas muscle f ibre  composition, b u t  a higher 

proportion of high oxidative f ibres  were reported in  the plantar is  muscle 

a f t e r  similar ac t iv i ty  (Maxwell e t  a l . ,  1973). The differences between 

studies appears t o  depend upon the f ibre  composition of the  muscle 

assayed. Plantaris and gastrocnemius muscle have a Larger portion of the 

muscle cross-section composed of red f ibres  (Barnard -- e t  a l . ,  1970; 

Edgerton - e t  -* a1 9 1969; Faulkner - e t  - a1 9 1971) and have a greater capacity 

3t A l l  3 week samples and many 0 , l  and 2 week samples were 

inadvertently destroyed a f t e r  a power fa i lure  in  the refrigerator 

where they were stored. 
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f o r  o x i d a t i v e  metabolism. Red f i b r e s  a r e  c l a s s i f i e d  a s  h igh ly  o x i d a t i v e  

f i b r e s .  I t  is p o s s i b l e  t h a t  s i g n i f i c a n t  changes i n  t h e  ox ida t ive  

c a p a c i t y  o f  s k e l e t a l  muscle cannot  be demonstrated i n  gu inea  p ig s  u n t i l  

a f t e r  a  much longer  t r a i n i n g  per iod .  

5.13 Summary 

Three weeks o f  d a i l y  endurance t r e a d m i l l  running i n  guinea p i g s  

appeared t o  have l i t t l e  o r  no e f f e c t  on lung morphology, i n  agreement 

wi th  p rev ious  i n v e s t i g a t o r s  ( B a r t l e t t ,  1970a).  A 37% i n c r e a s e  i n  lung 

s u r f a c e  a r e a  i n  exe rc i s ed  an imals  compared t o  30% i n  s eden ta ry  animals  

was s i g n i f i c a n t  which may mean s l i g h t  d i s t e n s i o n  o f  a i r  spaces  was 

occu r r ing  i n  t h e  lung,  a l though t h i s  was no t  i n d i c a t e d  by an increased  

l e n g t h  o f  a l v e o l a r  mean chord ( G ) o r  mean l i n e a r  i n t e r c e p t  (q). 
Exerc i se  s i g n i f i c a n t l y  reduced body weight,  femur l e n g t h ,  lung weight 

(wet and d r y )  and lung volume a t  week 2,  bu t  t h i s  d i f f e r e n c e  d id  no t  

p e r s i s t  a t  week 3. Treadmil l  running  appeared t o  i n i t i a l l y  r e t a r d  

o v e r a l l  growth o f  t h e  an imals  bu t  t h e  e f f e c t  was temporary because a f t e r  

3 weeks, no d i f f e r e n c e s  were found between e x e r c i s e d  and sedentary  groups. 

Table  16 summarizes t h e  parameters  which were s i g n i f i c a n t l y  

a f f e c t e d  pure ly  by growth, r a t h e r  t han  exe rc i s e .  Prev ious  i n v e s t i g a t o r s  

(Lechner and Banchero, 1982) have i n d i c a t e d  t h e  lungs  o f  newborn guinea 

p i g s  are i n  t h e  phase o f  e q u i l i b r a t e d  growth desc r ibed  by Bur r i  (1974). 

Th i s  is t h e  t h i r d  and f i n a l  s t a g e  o f  p o s t n a t a l  development where t h e  lung 

is growing more by expansion o f  p r e - ex i s t i ng  a l v e o l i  r a t h e r  than a d d i t i o n  

o f  new r e s p i r a t o r y  u n i t s .  A phase o f  e q u i l i b r a t e d  growth is  a l s o  

i n d i c a t e d  by t h e  p re sen t  s t udy ,  a l though it appears  t h a t  a l v e o l a r  
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format ion has ceased, which i s  cont rary  t o  previous f i nd ings  (Lechner and 

Banchero, 1982). Absolute surface area increases i n  p ropor t ion  t o  body 

weight t o  the .65 power, very c lose  t o  .70 power demonstrated by B u r r i  

(1974) i n  the r a t ,  bu t  d i f f e r e n t  from .954 power demonstrated by Lechner 

and Banchero (1980; 1982) i n  guinea pigs. I f  the exponent i s  l a rge r  than 

.67, new a lveo la r  formation i s  i nd i ca ted  ( B a r t l e t  1971; B u r r i  e t  al., 

1974; Thurlbeck, 1975). There was a s l i g h t  increase i n  im (11%) and a 

s i g n i f i c a n t  increase i n  (19%) which probably represents expansion o f  

a i r  spaces. Lung volume was found t o  increase i n  p ropor t ion  t o  body 

weight t o  the  .48 power, a much lower exponent than prev ious ly  

demonstrated, perhaps due t o  the  slow i n i t i a l  increase i n  body weight i n  

the  1 s t  week o f  l i f e .  S i g n i f i c a n t  increases i n  whole body growth and 

organ growth were demonstrated over the 3 week per iod  (Table 16). 



TABLE 14. SUMMARY OF SIGNIFICANT 
GROWTH PARAMETERS I N  
ALL GROUPS 

Age (weeks) 

1 
General Growth: Wb 

F + 
CR 

3 
f 
f 

not  measured 

Organ Growth: WL wet 
(Absolute) RWL d ry  

LVL 
DNA 
P r o t e i n  
Protein/DNA 
Wh 

Organ Growth: WL wet J- 
(Re la t i ve  t o  wb) WL d ry  

LVL J- 
DNA 
P r o t e i n  
Sw/Wb J- 
Wh 

Absolute t o  Lung Sw 
1 

A l l  arrows represent s i g n i f i c a n t  growth e f fec ts .  
*(E) - exerc ise  group only, (C) - Con t ro l  group o n l y  
Abbreviat ions - r e f e r  t o  Tables 3-5. 
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CONCLUSIONS 

1. There was no evidence f o r  a d d i t i o n  o f  new r e s p i r a t o r y  u n i t s  a f t e r  

b i r t h  i n  t h e  gu inea  p ig .  I t  is proposed t h a t  t h i s  animal i s  

a l r e a d y  i n  t h e  phase o f  e q u i l i b r a t e d  growth a t  b i r t h .  

2. There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  dimensions o f  

r e s p i r a t o r y  components o f  gu inea  p i g s  exe rc i s ed  f o r  1, 2 ,  o r  3. 

weeks when compared t o  t h e  dimensions o f  r e s p i r a t o r y  components o f  

s eden ta ry  c o n t r o l  an imals  a t  1, 2, o r  3 weeks. 

3.  Daily endurance t r e a d m i l l  running had a s i g n i f i c a n t  e f f e c t  on body 

weight ,  femur l e n g t h ,  a b s o l u t e  lung weight (wet and d ry )  and lung 

volume a t  week 2, bu t  no t  a t  week 

4. There was a s i g n i f i c a n t  i n c r e a s e  i n  a l v e o l a r  s u r f a c e  a r e a ,  duc 

volume, a l v e o l a r  w a l l  volume and wet/dry lung weight r a t i o  i n  

e x e r c i s e  groups,  bu t  no t  i n  c o n t r o l  groups dur ing  t h e  3 week per iod .  



L im i t a t i ons  o f  Study 

1. Cont ro l  guinea p i gs  were no t  t o t a l l y  sedentary as they were allowed 

t o  move f r e e l y  i n  the  cages a t  a l l  times. 

2 .  The p ro te i n  content/ lung measured by the methods o f  Lowry -- e t  a l .  

(1951) only measured ac i d  i nso lub le  p ro te in ,  denoted i n  t h i s  study 

as non-connective t i s sue  (NCT) pro te in .  The connective t i s s u e .  

p r o t e i n  (st romal  p r o t e i n  f r a c t i o n )  was discarded. 



APPENDIX I - EXERCISE PROTOCOL 

A l l  experimental animals were t r a i n e d  on the  same rodent t r e a d m i l l  

(Quinton Instruments, Seat t le ,  WA) and were int roduced t o  t r e a d m i l l  

running w i t h i n  12 hours of b i r t h .  The f i r s t  5 days were used as a 

lea rn ing  pe r iod  dur ing which the  t r e a d m i l l  speed was increased t o  a 

maximum o f  25 m/min and t h e  animals exercised f o r  longer i n t e r v a l s  each 

day, as i l l u s t r a t e d  i n  Table 15 below. Group 1 was s a c r i f i c e d  40 hours 

a f t e r  t h e  exerc ise session on day 6. 

Table 15 Exercise Pro toco l  - Week 1 

Speed 
(m/min) 

Time 
(min) 

T o t a l  Time 
(min) 

* W - warmup per iod  ** E - exerc ise p e r i o d  



Groups 2 and 3 cont inued  t o  e x e r c i s e  d a i l y  from day 8 t o  day 13 a s  

i l l u s t r a t e d  i n  Table 16. Days 7 and 14 were rest days and t h e  animals  

d i d  no t  e x e r c i s e .  A l l  e x e r c i s e  s e s s i o n s  were preceeded by 2-3 minute 

warmup p e r i o d s  a t  a t r e a d m i l l  speed o f  20 m/min and no i n c l i n e .  The 

t r e a d m i l l  speed remained c o n s t a n t  a t  25 m/min f o r  t h e  remainder of  t h e  

t r a i n i n g  per iod .  Group 2 was s a c r i f i c i e d  40 hours  a f t e r  t h e  e x e r c i s e  

s e s s i o n  on day 13 while  group 3 cont inued  t o  e x e r c i s e  from day 15 t o  day 

21. Group 3 was s a c r i f i c e d  40 hour s  a f t e r  t h e  e x e r c i s e  s e s s i o n  on day 

21. The t r e a d m i l l  speed was r e c a l i b r a t e d  every 7 days. 

Table  16 Exerc i se  P ro toco l  - Week 2 and 3 

Dav Time  (mins)  

55 
60 
70 
75 
60 
50 

Rest 
30 
40 
50 
60 
70 
80 
90 
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APPENDIX I1 - MORPHOMETRIC PROTOCOL 

1.1. Determinat ion o f  F i e l d s  

The determinat ion o f  20 random f i e l d s  on a t i s s u e  sec t i on  i s  

i l l u s t r a t e d  i n  F igure  9. F i v e  f i e l d s  are a long t h e  x a x i s  and f o u r  

f i e l d s  a r e  along t h e  y ax is .  Using a l o x  o b j e c t i v e  t h e  coordinates xy, 

xyl ,  x ly  and x ly l  were determined, and e q u i d i s t a n t  coord inates  were . 

c a l c u l a t e d  w i t h i n  t h i s  rec tang le .  A 2 mm border  o f  t i s s u e  was excluded 

i n  t h e  determinat ion of coord inates  t o  avo id  i n c l u s i o n  o f  compressed 

areas o r  edge a r t i f a c t s  i n  t h e  measurements. The reason f o r  determining 

s p e c i f i c  coordinates was t o  ensure non over lapp ing o f  counted f i e l d s .  



Figure 9. Determination of f ield coordinates on a 

t issue section, shuwing 20 f ields i n  a 

4 x 5 matrix. 



1.2. Morphornetric C a l c u l a t i o n s  

The b a s i s  of  t h e  coun t ing  p r i n c i p l e  used i n  measuring lung 

parameters  on random s e c t i o n s  is t h e  Delesse p r i n c i p l e  (Delesse ,  1848) ,  

which s t a t e s ;  

" a r ea  propor t ions  a r e  e q u i v a l e n t  t o  vo lumet r ic  propor t ions t1  

o r  " the  p l an ime t r i c  f r a c t i o n s  o f  a s e c t i o n  occupied by s e c t i o n s  of a 

g iven  component correspond t o  t h e  f r a c t i o n  o f  t h e  tisswe volume 

occupied by t h i s  component." 

Thus, from two dimensional a r e a  measurements it is p o s s i b l e  t o  c a l c u a t e  

t h r e e  dimensional  parameters  i n c l u d i n g  volume propor t ions :  

i.e. Volume P ropor t i ons  

Vvx = number o f  test p o i n t s  on s t r u c t u r e  x 
t o t a l  number of test  poin ts*  

*5040 p o i n t s  p e r  c a s e  (6  s l i d e d c a s e  x 20 f i e l d d s l i d e  x 42 p o i n t s / f i e l d )  

Refer  t o  S e c t i o n  2.5 



APPENDIX I11 - PROTEIN AND DNA BIOCHEMISTRY 

1.1. P r o t e i n  and DNA E x t r a c t i o n  

Reagents : 

1. Phosphate bu f fe red  sa l i ne :  .145 M NaCl 

2. T r i c h l o r o a c e t i c  acid: 30%, 15%, 10% and 5% s o l u t i o n s  

3. Sodium Hydroxide: 1.0 N 

4. Hydroch lor ic  Acid: 6.0 N 



Procedure 

0.2 gm l y o p h i l i z e d  t i s sue  
I 1 mL co ld  phosphate bu f fe red  sa l i ne  

homogenize 

I 1 mL co ld  30% TCA 
vortex 

cen t r i f uge  1000 g; 4 mins 
supernatant 
(d iscard)  I 

ac id  i nso lub le  p e l l e t  

I 3 mL co ld  15% TCA 
vor tex  

cen t r i f uge  1000 g; 4 mins 
supernatant 
(d iscard)  + 

p e l l e t  
2  mL 37OC 1 N NaOH 
vortex 
incubate 1 h r  a t  370C 
c o o l  on i c e  

*.250 mL a l i q u o t  - s o l u t i o n  
f o r  .4 mL co ld  6 N HC1 (neu t ra l i z i ng  agent) 

NCT PROTEIN ESTIMATION 

cen t r i fuge  1000 g; 4 mins 
supernatant 
(RNA f r ac t i on )  
d iscard 

p e l l e t  
4 mL 10% TCA 
vor tex  
heat a t  90•‹C f o r  20 min 

cen t r i f uge  1000 g; 4 mins 
l.* decant 
supernatant 
( DNA ) 

p e l l e t  
4 mL 10% TCA 
vor tex  
heat a t  90•‹C f o r  20 min 

cen t r i f uge  1000 g; 4 mins 
2.* decant 
supernatant 
(DNA ) 

p e l l e t  
(d iscard)  

* poo l  DNA f r ac t i ons  f o r  a  t o t a l  o f  8 mLs f o r  DNA ESTIMATION. 



1.2. P r o t e i n  Est imat ion 

Reagents: 

1. Bovine Serum Albumin: (BSA)(Sigma A-4378) d i s s o l v e  50  mg i n  100 mL 

0.1 M,NaOH. 

2. Sodium Hydroxide: .1 M 

3. Sodium Carbonate: d i s s o l v e  20 gm i n  1000 mL d i s t i l l e d  water t o  

y i e l d  2% s o l u t i o n .  

4. Copper Sulphate:  d i s s o l v e  .5 gm i n  50 mL d i s t i l l e d  water t o  y i e l d  

1% s o l u t i o n .  

5 .  Sodium T a r t r a t e :  d i s s o l v e  1 g i n  50 mL d i s t i l l e d  water  t o  y i e l d  2% 

s o l u t i o n .  

6 .  Colour Reagent: (copper  t a r t r a t e / s o d i u m  s u l p h a t e )  Mix 2 mL of (4)  

and 2 mL o f  (5 )  t hen  add t o  200 mL o f  (3). Prepared f r e s h l y  f o r  

each  assay.  

7. Phenol Reagent: 1 N Fol in-Coica l teau  ( F i s h e r  S c i e n t i f i c  Co. ) 

Prepared immediately b e f o r e  u s e  by d i l u t i n g  1:l wi th  d i s t i l l e d  

water.  



Procedure (Lowry e t  a l .  1951) 

Samples 

1. Add 0.1 mL of protein sample t o  each tube and duplicate 

2. A d d 0 . 4 m L o f . 1 N N a O H t o e a c h t u b e  

3.  Add 5.0 mL of colour reagent (Lowry Solution) and allow samples to  

si t  a t  room temperature for  10 minutes 

4. Add .5 mL 1 N Fol in ls  Reagent and vortex immediately a f t e r  i ts  

addition 

5. Allow samples to  sit i n  a dark place for 90 minutes a t  room 

temperature 

6. Read opt ical  density a t  660 nm on Pye Unicam SP6-550 

spectrophotometer using a blank as reference 

Standards 

7. Add: 10, 50, 75, 100, 125, 150, 175, 200, 225 and 250 pg of BSA 

solution t o  ten different  tubes and duplicates 

8. Makeup each solution t o  a t o t a l  volume of 0.5 mL with 0.1 N NaOH 



9 .  

Calcu 

To ta l  

Repeat steps 3 
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through 6 f o r  the  standards 

l a t i o n  f o r  To ta l  P r o k i d R i g h t  Lung 

p r o t e i n  (mg) = Assay value (Ug) x sample volume (mL) x 1 mg 
D i l u t i o n  Factor  assay volume (mL) 1000 p g 

= Assay value ( ~ g )  x 2.0 mL x 1 m_g 
D i l u t i o n  Factor  0.1 mL 1000 pg 

= Assay value (pg) x .02 
2 

= Assay value (pg) x .04 

* Assay value i s  determined- from the  standard curve. 



1.3. DNA Estimation 

Reaqents : 

1. Deoxyribonucleic acid - ca l f  thymus: (Sigma D-1501) dissolve 40 mg 

i n  100 mL .005 M NaOH 

2. Sodium Hydroxide : .005 M 

3.  Trichloroacetic Acid: dissolve 20 mg i n  200 mL d i s t i l l e d  water t o  

yield 10% solution 

4. Diphenylamine Reagent: dissolve 1 gm diphenylamine (J.T. Baker 

Chemical Co.) i n  100 mL g lac ia l  acet ic  acid. Then add 2.75 mL of 

concentrated H2S04. Reagent was prepared freshly before each 

assay. 

5. Diphenylamine: used for  (4) above (J.T. Baker and Co.) 

Acetic Acid - Glacial: Fisher Scient i f ic  Co. used for  (4) above 

7. Sulfuric Acid: Fisher Sc ient i f ic  Co. concentrated, used for (4) 

above 



Procedure 

Samples : 

1. Add 1.0 mL o f  DNA sample t o  tubes and dup l ica tes  

2.  Add 2.0 mL o f  diphenylamine reagent 

3 .  Vortex a l l  tubes and cap loose ly  w i t h  g lass marbles 

4. Heat f o r  10 minutes i n  a b o i l i n g  water bath 

5 .  Cool on i c e  

6. Read o p t i c a l  dens i ty  a t  600 nm on Pye Unicam SP6-550 

spectrophotometer us ing a b lank as reference 

Standards 

7. Add 20, 40, 60, 80, 100, 120, 160, 2 0 0 v g  DNA standard so l u t i on  t o  

e i g h t  d i f f e r e n t  tubes and dup l ica tes  

8. Make up each s o l u t i o n  t o  a t o t a l  volume o f  1.0 mL w i t h  10% TCA 

9. Repeat steps 2 through 6 f o r  the standards 



Calcu la t ion  f o r  To ta l  DNA/Right Lung 

To ta l  assay DNA (mg) = assay value (4) x 

C = sample volume before removal 

sample volume (mL) x 1 m g  x C 
assay volume (mL) 1000 pg 

of a l i q u o t  f o r  p r o t e i n  assay 
sample volume a f t e r  removal o f  a l i q u o t  f o r  p r o t e i n  assay 

T o t a l  assay DNA (mg) = assay value (pg) x 8.0 mL x 1 m q  x 1.14 
1.0 mL 1000 pg 

DNA mg/gm = DNA mglassay / assay weight o f  lung t i s sue  

To ta l  DNA/Right l ung  (mg) = DNA mg/gm x dry lung weight (gm) 
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APPENDIX I V  - SUCCINATE DEHYDROGENASE ACTIVITY 

Reagents : 

Phosphate Buffer :  0.17 M, pH adjusted t o  7.4 bu f f e r  made up from; 

Na2HP02 ' 7H20 - 36.19 gm/796 mL deionized d i s t i l l e d  H20 

Na2P04 ' H20 - 4.63 gm/200 mL deionized d i s t i l l e d  H20 

Sodium phosphate d ibas ic  - hepatahydrate; Fisher S c i e n t i f i c  Co. 

used f o r  phosphate b u f f e r  

Sodium phosphate monobasic: Fisher S c i e n t i f i c  Co. used for  

phosphate bu f f e r  

Sodium Succinate - hexahydrate; 0.5 M, d issolve 6.75 g i n  50 mL 

phosphate bu f f e r  (Fisher S c i e n t i f i c  Co.) 

Sodium Cyanide: 0.06 M, d isso lve 73.5 mg i n  25 mL phosphate b u f f e r  

(J.T. Baker Chemical Co.) 

Cytochrome C - horseheart type 111; .2 mM, dissolve 49.6 mg i n  20 

mi phosphate b u f f e r  (Sigma C-2506) 

Aluminum Chloride - 4 mM; d isso lve 53.3 mg i n  100 mL deionized, 

d i s t i l l e d  water 
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8 .  Calcium Chloride 4 mM; d i sso lve  44.4 mg i n  100 mL deionized 

d i s t i l l e d  water 

9 .  Cytochrome C s a l t  so lu t ion:  made by mix ing 2 mL deionized d i s t  

water, 0.5 mL cytochrome C i n  0.17 M phosphate b u f f e r  (6), and 0.3 

mL of a water so lu t i on  contain ing equal volumes o f  (7) and ( 8 )  

above. Mix f resh ly  before assay. 

Procedure 

Set up d i r e c t l y  i n  cuvettes; 

1. .06 mL t i ssue  homogenate (co ld )  

2 .  .10 mL sodium succinate s o l u t i o n  

3. mix and leave f o r  2 minutes 

4. add .20 mL sodium cyanide so lu t i on  

5. mix and leave f o r  2 minutes 

6 .  add 2.8 rnL cytochrome C s a l t  so l u t i on  

7. mix and leave f o r  1 minute 



8. p lace  cuvet te  i n  spectrophotometer and reco rd  absorbances every 30 

seconds f o r  6 minutes a t  550 nm, against  a re ference cuve t te  

P r i n c i p l e  

1. Succinate SDH fumerate 

FAD - - FADH2 

3 .  Cytochrome C Fe++ "-------- Cytochrome C Fe+++ 
C N 

& 



Calcu la t ion o f  SDH a c t i v i t y  

A c t i v i t y  (~g/gm/min) = t o t a l  homogenate t o t a l  assay 
volume (JIL) X volume (mL) X 1000 q/gm X AE* 

f r a c t i o n  o f  homogenate wet weight ex t i nc t i on  
used f o r  assay (pL) o f  t i s sue  c o e f f i c i e n t  

used f o r  assay f o r  cytochrome 
(mL) C 

* A E  = average change i n  absorbance/minute 

A c t i v i t y  (~g/gm/min) = 400011 L x 3.16 rnL x 1000 pg/gm x AE 
60y L 100 mL 18.8 

= 112.06 E 
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