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The A s s e s s m e n t  of Tobacco  S m o k e  Toxic i ty  in Organ Culture.  II. Ul trastructural  Studies  on the 
I m m e d i a t e  Response  of Foetal  Rabbit  Tracheal  Epi the l ium to S h o r t - T e r m  E x p o s u r e s  of Whole  S m o k e  

I t  is genera l ly  a s s um ed  t h a t  t he  cy to tox ic  effects of 
c iga re t t e  smoke  on  t h e  r e s p i r a t o r y  e p i t h e l i u m  p l ay  a 
c o n t r i b u t o r y  role in  t he  d e v e l o p m e n t  of b ronchogen ic  
ca r c inoma  1. An  e v a l u a t i o n  of these  effects is there fore  
i m p o r t a n t ,  b u t  Call on ly  be  pe r fo rmed  w i t h  d i f f icul ty  in 
vivo,  where  b o t h  t he  cond i t ions  ope ra t i ng  du r ing  smok ing  
and  t he  i nd iv idua l  response  are ve ry  var iab le .  Fo r  these  
reasons,  m a n y  workers  h a v e  p re fe r red  to  use t r a c h e a l  or 
b ronch i a l  o rgan  cu l tu res  for a n  a s ses smen t  of the  cyto-  
t ox i c i t y  of t obacco  smoke  or tobacco  smoke  condensa te .  
Thus,  CRESS et  al.2 found  t h a t  in  a d u l t  r a b b i t  t r a c h e a l  
p r e p a r a t i o n s  exposed to a m e d i u m  per fused  w i t h  c iga re t t e  
smoke,  cilia ceased b e a t i n g  a n d  were no longer  pos i t ive  
for t h e  e n z y m e  ATPase .  KENSLER a n d  BATTISTA a 
s tud ied  ci l iostasis  in t he  r a b b i t  a n d  l a t e r  a in ch icken  
t r achea l  p r e p a r a t i o n s  exposed to  f resh c iga re t t e  smoke,  
where  f i l t r a t i on  of t he  smoke  t h r o u g h  a c t i v a t e d  charcoal  
r educed  i ts  c i l iotoxici ty .  DALHAMNa used r a b b i t  t r a c h e a l  
p r e p a r a t i o n s  exposed to f resh  c iga re t t e  smoke  a n d  ob- 
se rved  t h a t  a f t e r  d i lu t ing  t he  smoke  10 t imes ,  t h e  n u m b e r  
of puffs  p receed ing  ci l iostasis  increased  b y  a fac to r  of 
two.  BLEIBERG 6 found  t h a t  A l u p e n t  | (Orciprenal ine)  
aerosol  e n h a n c e d  t he  r ecovery  f rom ci l iostasis  of r a b b i t  
t r a c h e a e  exposed  to c iga re t t e  smoke.  CROCKER 7 added  
c iga re t t e  smoke  c o n d e n s a t e  to  in  v i t ro  cu l tu res  of t he  
b r o n c h i a l  mucosa  of foeta l  m o n k e y  a n d  h a m s t e r  t r a cheae  
in order  to  t e s t  b y  l igh t  mic roscopy  and  a u t o r a d i o g r a p h y  
for t h e  d e v e l o p m e n t  of m e t a p l a s t i c  and  p re invas ive  
neop las t i c  lesions. 

Since none  of these  r epo r t s  inc luded  a n y  u l t r a s t r u c t u r a l  
da ta ,  i n f o r m a t i o n  of t he  m o r p h o l o g y  of t he  ear ly  response  
of t h e  r e sp i r a to ry  ep i the l i um to smoke  is sti l l  incomple te .  
W e  h a v e  the re fore  pe r fo rmed  an  e lec t ron  microscope 
i nves t i ga t i on  on t he  effects in  t r a c h e a l  ep i the l i um of 
acu te  in  v i t ro  exposure  to  f resh c iga re t t e  smoke  u n d e r  
a p p r o x i m a t e l y  physio logica l  condi t ions .  As p rev ious  
exposure  to  a t m o s p h e r i c  p o l l u t a n t s  a n d / o r  infec t ions  
could in te r fe re  w i t h  t he  effects of smoke  pe r  se, we h a v e  
chosen  t he  t r a c h e a l  e p i t h e l i u m  of foeta l  r a b b i t s  in  order  
to  min imize  these  factors .  I n  th i s  p a p e r  we r e p o r t  some 
p r e l i m i n a r y  resu l t s  of t h e  i m m e d i a t e  effects of whole  
smoke  on  such  a model  sys tem.  

Materials and methods. Yellow si lver  s t r a i n  r a b b i t s  s 
were sacr i f iced on  t he  2 8 t h - 2 9 t h  d a y  of p r e g n a n c y  b y  an  
i.v. i n j ec t ion  of a n  overdose  of sod ium p e n t o b a r b i t a l .  
Af te r  r e m o v a l  of t h e  foetuses,  t h e  foeta l  t r a c h e a e  were 
excised,  cu t  in to  i n d i v i d u a l  r ings  of a p p r o x i m a t e l y  2 m m  
th i ckness  a n d  washed  in P a r k e r ' s  Med ium 199 supple-  
m e n t e d  w i t h  10% h e a t - i n a c t i v a t e d  r a b b i t  se rum.  Im-  
m e d i a t e l y  before  exposure  to  smoke,  t he  i n d i v i d u a l  
t r a c h e a l  r ings  were t o u c h e d  on  a mo i s t ened  ster i l ized 
f i l te r  p a p e r  in  order  to  r e m o v e  m o s t  of t he  m e d i u m  f rom 
the  lumina .  3 to  5 r ings  were t h e n  p laced  on  a s ta inless  
steel  br idge  w i t h i n  an  open  35 m m  glass pe t r i  dish, b o t h  
of which  h a d  been  s ter i l ized a t  160~ for 2 h. The  pre-  
p a r a t i o n s  were p laced  in a s m o k i n g  mach ine ,  t h e  de ta i l s  
of wh ich  h a v e  been  descr ibed  e lsewhere  9, and  exposed  to 
2, 4, 8 or 12 puffs  of whole  smoke,  respect ive ly ,  f rom 
K e n t u c k y  s t a n d a r d  research  c igare t tes .  The  l igh t ing-up  
puff  was  n o t  u t i l i zed  for exposure  a n d  t he  c igare t tes  
were rep laced  a f te r  t he  f i rs t  4 puffs.  35 m l  (2 sec) puffs  of 
whole  smoke  t a k e n  once eve ry  m i n u t e  were  d i lu ted  in a 
1 to  10 ra t io  w i t h  a 95% a i r / 5 %  CO s m i x t u r e  w i t h i n  t he  
exposure  chamber .  T e m p e r a t u r e  a n d  re la t ive  h u m i d i t y  
were m a i n t a i n e d  a t  37 ~ a n d  100%, respect ive ly .  'Pos i -  
t i ve '  con t ro l  p r e p a r a t i o n s  were exposed to  al l  t h e  condi-  
t ions  p reva i l i ng  in t he  s m ok i ng  m a c h i n e  w i t h  t h e  excep- 

t ion  t h a t  t h e  puff  of smoke  was rep laced  b y  a 2 sec i n t a k e  
of a m b i e n t  air. ' N e g a t i v e '  con t ro l  t r a c h e a l  r ings  were 
k e p t  in  t he  m e d i u m  a t  37 ~ for t h e  d u r a t i o n  of t h e  in- 
d iv idua l  expe r imen t s .  

I m m e d i a t e l y  a f t e r  t he  exposure  was comple ted ,  t e s t  
and  con t ro l  t r a c h e a l  r ings  were w a s h e d  in m e d i u m  and  
fixed for 30 ra in  in  a n  ice-cold, f resh ly  p r e p a r e d  m i x t u r e  of 
equa l  p a r t s  of 2 .0% g l u t a r a l d e h y d e  a n d  1.0% o s m i u m  
t e t r o x i d e  in 0.1 M sod ium cacody la t e  buf fe r  a t  p H  7.4. 
P o s t - f i x a t i o n  was pe r fo rmed  in 0 .25% u r a n y l  a ce t a t e  in  
ve rona l  a ce t a t e  buf fe r  (pH 6.4) for a f u r t h e r  30 rain.  
D e h y d r a t i o n  in a series of g raded  e thano l s  followed, a n d  
t he  m a t e r i a l  was  e m b e d d e d  in Epon .  The  r ings  were 
t r i m m e d  so as to  expose  t he  cen t r a l  areas  wh ich  h a d  no t  
been  m e c h a n i c a l l y  a l t e red  d u r i n g  t h e i r  p r e p a r a t i o n  a n d  
hand l ing .  U r a n y l  a ce t a t e  and  lead c i t r a t e  so lu t ions  were 
used to enhance  t he  c o n t r a s t  of t he  t h i n  sect ions  wh ich  
were v iewed in a Ph i l ips  EM300 e lec t ron  microscope.  

Results. The  t r a c h e a l  e p i t h e l i u m  of t h e  28-29 d a y  r a b b i t  
foetus  has  been  br ie f ly  descr ibed  in l i gh t  a n d  e lec t ron  
microscope s tud ies  b y  LEESON10. I n  ' nega t ive ' ,  i.e. non-  
exposed,  l igh t  a n d  EM cont ro l  p r epa ra t i ons ,  t h i s  ep i the l i um 
is p seudos t r a t i f i ed  a n d  consis ts  of ci l iated,  non-c i l i a ted  
a n d  basa l  cells (Figure  1). The  c i l ia ted  a n d  non-c i l i a ted  
cells are c o l u m n a r  in  shape.  The  nuc leus  in  t he  c i l ia ted  
ceils possesses a f ine ly  d ispersed  heterochromat i I1 .  In  t he  
cy top lasm,  t h e  rough- su r faced  endop lasmic  r e t i cu lum 
( rER)  is o f ten  p r e sen t  as whorls ,  a n d  t he  m i t o c h o n d r i a  are 
c o n c e n t r a t e d  a t  the  ap ica l  end,  b e n e a t h  t he  basa l  bodies  
of t h e  cilia. Long,  s lender  microvi l l i  occur  be tween  t he  
i nd iv idua l  cilia. Golgi  profi les  are c o m m o n  in t h e  supra-  
nuc lea r  region,  as are  s econda ry  lysosomes a n d  mul t i -  
ves icu lar  bodies.  I n  t he  non-c i l i a t ed  cells, t h e  he te ro-  
c h r o m a t i n  is c o n c e n t r a t e d  a t  t h e  p e r i p h e r y  of t h e  nucleus .  
The  c y t o p l a s m  is more  e lec t ron  dense  t h a n  t h a t  of t h e  
c i l ia ted  cells and  con t a in s  a h igh ly  deve loped  s y s t e m  of 
r E R  in t he  s u p r a n u c l e a r  reg ion  t o g e t h e r  w i t h  s m o o t h  
surfaced E R  nea r  t he  apex  of  t he  cell. Golgi  profi les  are 
a b u n d a n t ,  and  b e n e a t h  t h e  ap ica l  m e m b r a n e  lie a few 
e lec t ron  dense  g ranu les  a p p r o x i m a t e l y  400 n m  in dia-  
meter .  I n  some of t he  non-c i l i a t ed  cells a t  t h i s  stage,  
t he re  is ev idence  of t h e  a s sembly  of secre tory  granules  
nea r  t he  Golgi  region.  These  granules  are l ined  b y  a 
single u n i t  m e m b r a n e  a n d  are of m e d i u m  e lec t ron  dens i ty .  
T h e y  m a y  r ep re sen t  t h e  ear ly  s tages  of m u c i n  p roduc t ion .  
Otherwise  t he re  are no  m a t u r e  goble t  cells in t he  ep i the-  
l ium a t  th i s  stage.  The  microvi l l i  a t  t he  apica l  surface  are 
sho r t e r  a n d  t h i cke r  t h a n  those  p r e sen t  a t  t he  apex  of 
t he  c i l ia ted ceils. J u n c t i o n a l  complexes  are  iden t i f i ab le  
be tween  t he  con t iguous  cells of t he  e p i t h e l i u m .  T h e y  are 
t r i pa r t i t e ,  cons i s t ing  of a t i g h t  and  a n  i n t e r m e d i a t e  junc-  
t ion  a n d  a desmosome.  
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The basal  cells are polygonal  in shape  wi th  a h igher  
nuc lea r /cy top lasmic  ra t io  t h a n  in the  o ther  two types  of 
cell. The h e t e r o c h r o m a t i n  is concen t r a t ed  a t  the  per iph-  
ery of the  nucleus, r E R  is only  p resen t  as few shor t  
s t rands .  Bundles  of microf i l aments  are c o m m o n  and  are 
of ten  inser ted  in to  desmosomes  which  occur be tween  
indiv idua l  basal  and  be tween  the  basal  and the  cil iated or 
non-ci l ia ted  cells. No enterochromaff in- l ike  cells have  been  
observed  in the  ep i the l ium a t  th is  stage. Separa t ing  the  
ep i the l ium f rom the  under ly ing  lamina  propr ia  is a basa l  
l amina  of abou t  40 n m  thickness .  The lamina  propr ia  
conta ins  f ibroblasts ,  e m b e d d e d  in collagen fibrils, and  
p lasma  cells charac te r ized  by  the i r  ex tens ive ly  developed 

and  d i la ted  r E R .  'Pos i t ive '  control  organ cul tures  were 
indis t inguishable  f rom non-exposed  'nega t ive '  controls.  

Test  cul tures : Af ter  exposure  to  2 puffs  of whole smoke 
f rom the  K e n t u c k y  cigaret te ,  there  were no ident i t iable  
changes  in the  u l t r a s t ruc tu re  of t he  ep i the l ium as com- 
pa red  wi th  the  controls .  Af ter  exposure  to  4 or 8 puffs  of 
whole smoke,  the  intercel lular  spaces be tween  ad jacen t  
cells were ve ry  much  larger t h a n  in t he  controls  (Figure 2). 
However ,  no changes  in the  u l t r a s t ruc tu re  of the  junc-  
t ional  complex  could be observed.  Bo th  ciliated and  
nonci l ia ted epithel ial  cells showed pro t rus ions  of the  
apical  membrane .  In  mos t  cul tures  exposed to  4 or 
8 puffs,  these  p ro t rus ions  were long and th in  (Figure 3), 

Fig. 1. Non-exposed, 'negative' 
control foetal rabbit tracheal 
epithelium, b, basal ceil; e, ciliated 
cell; lp, lamina propria; nc, non- 
eiliated cell. • 1,500. 

Fig. 2. Large intercellular space 
between 2 non-ciliated epithelial 
cells in a foetal trachea exposed to 
4 puffs of whole smoke. Note 
morphologically intact junctional 
complex (arrow). • 12,500. 

Fig. 3. Apical protrusions of a non- 
ciliated epithelial cell from a tra- 
chea exposed to 8 puffs of whole 
smoke, x 6,500. 

Fig. 4. Ballooning of the apical cell 
area in a non-ciliated epithelial 
cell from a trachea exposed to 
4 puffs of whole smoke. • 

Fig. 5. Swelling (arrow) of the 
basal portion of a cilium in an 
epithelial cell from a trachea ex- 
posed to 12 puffs of whole smoke. 
• 10,500. 

Fig. 6. Epithelium from a trachea 
exposed to 12 puffs of whole 
smoke. Note the layer of cellular 
debris in the lumen. • 900. 
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b u t  in some epi the l ia l  cells f rom cul tures  exposed to 
8 puffs,  t he  whole  of t he  ap ica l  cell a rea  bu lged  ou t  in to  
t he  l u m e n  (Figure 4). The  cilia were also obse rved  to 
h a v e  swollen in t he  same way,  b u t  the  i n t e rna l  micro-  
t u b u l a r  s t r u c t u r e  of t he  i nd iv idua l  cilia was  no t  af fected 
(Figure 5). Af te r  exposure  to  12 puffs  of whole  smoke,  
these  effects were p r e s en t  in more  of t he  epi the l ia l  cells 
a n d  m a n y  of t h e  c o l u m n a r  cells were found  to  h a v e  
unde rgone  lysis, l eav ing  a layer  of cel lular  debr is  a n d  
expos ing  t h e  less d i f f e ren t i a t ed  basa l  cells (Figure 6). An 
increase  in the  n u m b e r  of s econda ry  lysosomes,  especia l ly  
of t he  a u t o p h a g i e  vacuole  type ,  was n o t e d  in all  t ypes  of 
cells inc lud ing  t h e  basa l  cells. 

Discussion. The  m a i n t e n a n c e  of t he  basic  m o r p h o l o g y  
of ' pos i t ive '  con t ro l  p r e p a r a t i o n s  u n d e r  t he  e x p e r i m e n t a l  
cond i t ions  descr ibed  d e m o n s t r a t e s  t h a t  t h i s  model  
s y s t e m  is p o t e n t i a l l y  useful  for  s t u d y i n g  t he  effects of in 
v i t ro  exposure  of a r e s p i r a t o r y  ep i the l ium to c iga re t t e  
smoke.  The  use of a s t a n d a r d i z e d  f ixa t ion  fol lowing 
i m m e d i a t e l y  upon  exposure  m a y  visual ize  cel lular  
changes  wh ich  would  s u b s e q u e n t l y  be  lost  in  a more  
ex tens ive  cell and  t i ssue  b r e a k d o w n  or, a l t e rna t ive ly ,  in 
r ecove ry  and  repair .  

FRASCA et  al, n descr ibed  ba l loon ing  of t he  ap ica l  
m e m b r a n e s  of cells in t he  b r o n c h i a l  ep i the l i um of dogs 
w h i c h  h a d  been  exposed  da i ly  to  up  to 12 c igare t tes  for a 
per iod  of 44 days.  Our  s imi lar  f ind ings  were p roduced  
a f te r  on ly  8 or 12 puffs,  sugges t ing  t h a t  t he  resu l t s  
obse lved  in t he  dogs m a y  h a v e  been  due  to t he  acu te  
c y t o t o x i c i t y  of t he  smoke  exposure  p receed ing  f ixa t ion  
r a t h e r  t h a n  to  a n y  long t e r m  c u m u l a t i v e  effects. I t  is 
i n t e r e s t i ng  to  no te  t h a t  NIDEN12 obse rved  ba l loon ing  of 
t he  apex  of b ronch i o l a r  Clara  cells in  adu l t  mice exposed 
to a m m o n i a .  E x p o s u r e  to  smoke  m a y  i n h i b i t  t he  energy-  
d e p e n d e n t  m a i n t e n a n c e  of osmot ic  pressure  w i t h i n  t he  
cells such  t h a t  solutes  will pass  across t he  cell m e m b r a n e  
a long a c o n c e n t r a t i o n  grad ien t .  As t he  apica l  surface of 
t he  cell is t he  mos t  exposed to t he  smoke,  th i s  m i g h t  
exp la in  t h e  d e v e l o p m e n t  of ba l loon ing  a t  th i s  site. 
Swell ing of cilia could be  a n  e x p l a n a t i o n  for ciliostasis. 

An  effect  of t obacco  smoke  on cell j unc t i ons  in  t he  
r e sp i r a to ry  ep i the l ium has  been  n o t e d  b y  SIMANI et  al. la 
in guinea-pigs  exposed to  more  t h a n  50 cigaret tes .  These  
workers  used ho r se rad i sh  pe rox idase  to  d e m o n s t r a t e  the  

fa i lure  of t he  j u n c t i o n s  to  m a i n t a i n  a n  effect ive  seal 
aga ins t  t he  passage  of larger  molecules.  A l t h o u g h  in t he  
p re sen t  s t u d y  the re  were no  changes  in t h e  u l t r a s t r u c t u r e  
of t h e  j unc t ions ,  t he  d e v e l o p m e n t  of widened  in te rce l lu la r  
spaces i m m e d i a t e l y  a d j a c e n t  to  these  s t r u c t u r e s  m a y  
h a v e  been  due to  a n  i m p a i r m e n t  of t h e i r  h igh ly  specific 
func t ion .  

I n  t he  foe ta l  t r a c h e a e  used in th i s  s tudy ,  no  m a t u r e  
goble t  ceils could be  observed .  Thus  t h e  lack of a m u c i n  
layer  over ly ing  t he  ep i the l i um m i g h t  e x a c e r b a t e  t he  
cy to tox ic  effects of t h e  smoke.  I n  t he  p o s t - n a t a l  t r achea ,  
where  goble t  ceils are presen t ,  such  a layer  would  act ,  in 
s h o r t - t e r m  exposures ,  as a ba r r i e r  to  b o t h  t h e  p a r t i c u l a t e  
and  gas v a p o u r  phases  of smoke.  W o r k  is c o n t i n u i n g  to  
d e t e r m i n e  if t he re  are a n y  differences  in  t h e  response  to 
smoke  exposure  b e t w e e n  t he  foeta l  and  t he  a d u l t  r a b b i t  
t r a c h e a l  ep i the l i um 1~. 

Summary. Foe ta l  r a b b i t  t r a c h e a l  o rgan  cu l tures  were 
exposed u n d e r  def ined cond i t ions  to  whole c iga re t t e  smoke  
and  f ixed i m m e d i a t e l y  for e lec t ron  microscopy.  Af te r  a n  
exposure  to  4 or 8 puffs,  ep i the l i a l  in te rce l lu la r  spaces 
were enlarged,  the  ap ica l  po r t i on  of m a n y  ceils bu lged  
ou t  in to  t h e  l u m e n  a n d  m a n y  cilia were swollen. A n  
exposure  to  12 puffs p roduced  a b r e a k d o w n  of t he  ep i the-  
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The  S p e r m  B u n d l e s  of H o n e y b e e  Apis  cerana indica Fabr.  

The  spe rm bund le s  are  cha rac te r i s t i c s  of t he  insect  
testes.  T h e y  h a v e  been  r epo r t ed  in Coleoptera,  Or thop te r a ,  
H o m o p t e r a  and  O d o n a t a  1-5. T he  p re sen t  work  was 
u n d e r t a k e n  to  s t u d y  t he  spe rm bund l e s  of t he  honeybee ,  
Apis cerana indica Fabr .  

The  honeybee  b rood  was rea red  a t  34~ in the  labora-  
tory .  The  testes,  s emina l  vesicles, a n d  accessory g lands  
f rom l iv ing  p i n k  head  p u p a e  and  newly  emerged  adu l t s  
were used. Fo r  rou t ine  m i c r o a n a t o m y ,  Zenker  and  Carnoy  
f ixed m a t e r i a l  was  sec t ioned and  s t a ined  in h a e m a t o x y l i n /  
eosin. 

Cy tochemica l  loca l iza t ion  of l ipids was m a d e  on n e u t r a l  
fo rma l in  and  ge la t in  e m b e d d e d  m a t e r i a l  p o s t c h r o m e d  
accord ing  to  BAKER s. F rozen  10 bm t h i c k  sect ions  were 
cu t  a n d  s t a ined  for l ipids  w i t h  S u d a n  b l ack  B in p ropy lene  
glycol a f te r  the  m e t h o d  of Ct-ilFFELLE a n d  PUTT s. 
Phospho l ip ids  were s t a ined  w i t h  acid h a e m a t e i n  a long 
w i t h  py r id ine  e x t r a c t e d  cont ro ls  accord ing  to BAKEt~ 6, 
and  n e u t r a l  and  acidic l ipids w i th  Nile bIue a f t e r  Cain s 
C a r b o h y d r a t e s  were localized in ma te r i a l  f ixed for 3-6 h 

a f te r  Zenker ,  or 1-4  h a t  0 -4  ~ a f t e r  Carnoy  or Gendre ' s .  
The  P A S  reac t ion  a n d  Bes t ' s  c a rmine  a long w i t h  ace ty la-  
t ion  and  K O H  reversa l  a f te r  McMANuS s a n d  d ias tase  
d iges t ion were used as controls .  Acid mucopo lysaccha r ide s  
were s t a ined  w i t h  a lc ian  blue. 

The  spe rm b u n d l e  of h o n e y b e e  A. cerana indica Fabr .  is 
compr ized  on a n  average  of 72 spe rms  a r r a n g e d  in a 
def in i te  h e x a g o n a l  geomet r ic  a r r a y  (Figure  2b).  E a c h  
spe rm b u n d l e  has  a hya l ine  cap a t  i t s  a n t e r i o r  reg ion  
(Figure  1). This  is fo rmed  b y  a double  wal led n u t r i t i v e  sac, 
cover ing  mos t  of t he  an t e r i o r  po r t i on  of the  b u n d l e  
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