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Summary. A h ig h -vo l t age  e lec t ron  microscopic  s t u d y  of a d r e na l  m e d u l l a r y  cells f r om h y p o g l y c e m i a - s t r e s s e d  r a t s  re- 
vealed t h e  ex i s t ence  of t u b u l a r  c h a n n e l s  wh ich  c rea te  a l u m i n a l  c o n t i n u i t y  b e t w e e n  t he  m i t o c h o n d r i a l  c o m p a r t m e n t  
and  t h e  c a t e c h o l a m i n e - s t o r a g e  vesicles.  I t  is sugges t e d  t h a t  these  c h a n n e l s  al low for the  t r a n s f e r  of ma t e r i a l s  such  as 
h i g h - e n e r g y  nuc leo t ides  be tween  the  m i t o c h o n d r i a  a n d  t he  c a t e c h o l a m i n e - s t o r a g e  vesicles  w i t h o u t  an  i n t e r v e n i n g  
m e m b r a n e .  

Our  i n t e r e s t  in the  assoc ia t ion  of t he  m i t o c h o n d r i a l  com-  
p a r t m e n t  wi th  t h a t  of o the r  cel lular  organel les  s t e m s  f rom 
the  a p p a r e n t  lack of u n d e r s t a n d i n g  of the  m a n n e r  in wh ich  
adenos ine  t r i p h o s p h a t e  (ATP) becomes  inco rpora t ed  in to  
s to rage  vesicles  of sec re to ry  cells. The  presence  of A T P  in 
s to rage  vesicles  is a fac tor  t h a t  m a n y  endocr ine  and  n e u r o -  
na l  t i s sues  h a v e  in c o m m o n  2. 
C a t ech o l am in e - s to r age  vesicles in ad rena l  m e d u l l a r y  a nd  
neu ro n a l  t i s sue  c o n t a i n  large a m o u n t s  of A T P  as well as 
soluble p ro te in  an d  the  biological ly ac t ive  a m i n e  a. R e c e n t  
s tud ies  h a v e  d e m o n s t r a t e d  t h a t  A T P  s y n t h e s i s  in the  adre-  
nal  m e d u l l a  occurs  p r ima r i l y  in t he  m i t o c h o n d r i a  and  t he  
nnc leo t ide  is s u b s e q u e n t l y  t r ans fe r r ed  to the  s to rage  vesi-  
cles 4. R e s u l t s  of in v i t ro  s tud ies  of the  i nco rpora t ion  of 
A T P  in to  t h e  vesicles are cons i s t en t  wi th  a specific carr ier-  
m e d i a t e d  process  5 b u t  the  ev idence  is no t  conclus ive .  In-  
deed o th e r  s tud ie s  have  d e m o n s t r a t e d  no or l i t t le  u p t a k e  
of A T P  in to  isolated s to rage  vesicles s, 7. I n  s tud ie s  where  
A T P  u p t a k e  was  m e a s u r e d  it  was  shown  to be m u c h  less 
t h a n  the  ra te  of u p t a k e  m e a s u r e d  for c a t e c h o l a m i n e s  s,s. 
Since it  is well k n o w n  t h a t  A T P  is i nco rpora t ed  in to  the  
c a t e c h o l a m i n e - s t o r a g e  vesicles in large quan t i t i e s ,  t he  pre-  
sen t  s t u d y  was  in i t i a t ed  to explore  some of the  m o r p h o -  
logical a spec t s  of th is  p h e n o m e n o n .  
Materials and methods. R a t s  were sub j ec t ed  to  h y p o g l y -  
cemic shock  b y  the  in jec t ion  of insu l in  (5 I U / k g  b .wt ,  i.p.). 
The  ad rena l s  were p repa red  for microscopic  e v a l u a t i o n  a t  
t ime  in t e rva l s  (0, 4, 24, 48, 72, 96 h pos t - insul in)  by  whole  
bod y  pe r fus ion  followed by  i m m e r s i o n  in 3% g lu ta ra lde -  
hyde .  Af te r  p o s t f i x a t i on  in 2% o s m i u m  te t rox ide  the  t i s sue  

was  d e h y d r a t e d  a nd  e m b e d d e d  in a rou t ine  m a n n e r .  Sec- 
t ions  0.5 to 1.0 mic ron  t h i c k  were c u t  on glass  knives .  The  
s p e c i m e n s  were e x a m i n e d  in a h i g h - v o l t a g e  e lec t ron  
microscope  (HVEM) a t  800-1000 kV acce le ra t ing  vol tage .  
Areas  selected for s t u d y  were p h o t o g r a p h e d  a t  d i f fe ren t  
angles .  Pa i rs  of m i c r o g r a p h s  were s tud ied  u n d e r  a lens-  
mi r ro r  s tereo v iewer  w h ic h  r endered  a t rue  3 -d imens iona l  
effect.  
Results. S t u d y  of t he  m i c r o g r a p h s  revea led  con t inu i t i e s  
be tw e e n  m i t o c h o n d r i a l  m e m b r a n e  a nd  t h a t  of the  ca techol -  
a mine  s to rage  vesicles.  In  se lected m i c r o g r a p h s  r ep re sen t -  
ing 475 ~m 2, more  t h a n  100 con t inu i t i e s  were observed .  
These  con t inu i t i es ,  wh ich  h a v e  no t  been  p r e v i o u s l y  de- 
scribed, appea red  to t a ke  the  fo rm of a t u b u l a r  e x t e n s i o n  
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A high-voltage electron micrograph of adrenal medulla from a rat 4 h post-insulin. A tubular connection is seen emerging from a mitochondrion 
(M) at arrow and extending to surround a catecholamine-storage vesicle {arrowhead). The horizontal bar represents 0.5 [zm. 
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of t he  ou t e r  m i t o c h o n d r i a l  m e m b r a n e  t h a t  e x t e n d e d  a var i -  
able  d i s t ance  in t he  c y t o p l a s m  to become  c o n t i n u o u s  wi th  
t he  m e m b r a n e  of t he  ca t echo lamine - s to rage  vesicle 
(figure). The  d i a m e t e r  of t he  t u b u l a r  ex tens ion  was a b o u t  
20 n m  a n d  t he  l eng th  va r i ed  f rom a negl igible  d i s t ance  
when  t he  vesicle a p p e a r s  to  be in d i rec t  c o n t a c t  w i th  the  
mi tochond r ion ,  to  ove r  1 ~m. Due  to t he  t u b u l a r e x t e n s i o n ,  
t he  c o m p a r t m e n t  be t w een  t he  inner  and  ou te r  m i t o c h o n -  
dr ia l  m e m b r a n e s  was in d i r ec t  c o n t i n u i t y  w i t h  t he  vesicle 
c o n t e n t s  w i t h o u t  an  i n t e r v e n i n g  m e m b r a n e .  These  cont i -  
nu i t i es  i nvo lved  a b o u t  25% of t he  m i t o c h o n d r i a  f rom t is-  
sue of con t ro l  r a t s  (no insu l in  t r e a t m e n t )  as c o m p a r e d  to 
a b o u t  40% of t he  m i t o c h o n d r i a  seen in t i s s u e  f rom r a t s  
per fused  4 h a f t e r  insu l in  t r e a t m e n t  a n d  50% of the  mi to -  
c h o n d r i a  f rom r a t s  24 h pos t - insul in .  
Discussion. I t  has  been  es tab l i shed  t h a t  A T P  is syn thes ized  
p r inc ipa l ly  in t he  m i t o c h o n d r i a  and  a c c u m u l a t e d  in t he  
ca t echo lamine - s to rage  vesicles (see above) .  A l t h o u g h  o t h e r  
m e c h a n i s m s  m a y  he involved ,  ou r  obs e r va t i ons  sugges t  
t h a t  A T P  could be t r a n s p o r t e d  f rom m i t o c h o n d r i a  to  ca- 
t e cho lamine - s to rage  vesicles d i rec t ly  t h r o u g h  m e m b r a n e -  
l ined channels .  This  m a y  occur  more  of ten d u r i n g  per iods  
of h igh  s y n t h e t i c  a c t i v i t y  such  as insu l in - induced  hypo-  
g lycemia  and  t he  c h a n n e l s  m a y  serve on ly  as a supple-  
m e n t a l  t r a n s p o r t  process.  The  channe l s  were seen to occur  
more  f r e q u e n t l y  in some ceils t h a n  o thers  in the  same 
gland.  Th i s  suppor t s  t he  c o n t e n t i o n  t h a t  the  r eac t ion  of 
t he  ad r ena l  medu l l a  to  s t ress  t ends  to e x h i b i t  an  all-or- 
none  response  on the  cel lular  level 9. 
A l t h o u g h  our  o b s e r v a t i o n s  h a v e  been  res t r i c ted  to the  
ad rena l  medul la ,  we m a y  pos tu l a t e  the  poss ib i l i ty  t h a t  
d i rec t  c h a n n e l s  ex i s t  in  o t h e r  cel lular  sys t ems  where  A T P  
is t r a n s p o r t e d  f rom m i t o c h o n d r i a  to o the r  organelles .  For  
example ,  Droz has  sugges ted  t h a t  d i rec t  con t ac t s  be tween  
m i t o c h o n d r i a  of neu ra l  t issue and  a x o n a l  smoo th  endo-  
p lasmic  r e t i cu lum (SER)  m a y  p rov ide  d i rec t  t r ans f e r  of 

ma te r i a l s  r equ i red  for the  m a i n t e n a n c e  of m i t o c h o n d r i a  
d u r i n g  t h e i r  long t r a n s i t  t ime  f rom the  cell b o d y  to t he  
n e r v e  t e r m i n a l  10, 11. He did  no t  specula te  t h a t  t r ans f e r  of 
h igh -ene rgy  nuc leo t ides  f rom the  m i t o c h o n d r i a  to  the  
l umen  of t h e  S E R  m i g h t  be occurr ing,  b u t  th i s  would be 
a n  in t e re s t ing  poss ib i l i ty  since he  sugges ted  t h a t  the  t r ans -  
m i t t e r  s torage  vesicles ( p r e s u m a b l y  r ich  in ATp2)  ' p inch  
off '  a t  t e r m i n a l  a rbo r i za t i ons  of the  SER.  Th i s  poss ib i l i ty  
would be of a d d i t i o n a l  i n t e r e s t  if A T P  were s h o w n  to h a v e  
t he  p roper t i e s  of n e u r o t r a n s m i t t e r  as sugges ted  b y  B u r n -  
s tock  1~. As discussed b y  Volk  13, i t  would  be  a fo r tu i tous  
u l t r a t h i n  sec t ion  to al low the  v i sua l i za t ion  of a n  u n d u l a t -  
ing t u b u l a r  connec t ion  such  as t he  one descr ibed  in th i s  
repor t ,  and  t h e n  t he  o b s e r v a t i o n  would  be too  u n c o m m o n  
to a t t a c h  a n y  special  s ignif icance to it. Indeed ,  o the r  
a u t h o r s  a rgue  t h a t  ex tens ions  f rom m i t o c h o n d r i a l  profi les 
are a r t i f ac t s  of t h i n  sec t ioning  14-16. B u t  the  H V E M  offers 
t he  a d v a n t a g e  of g rea te r  e lec t ron  p e n e t r a t i o n  of the  
specimen,  t h u s  t h i c k e r  sec t ions  can  be  e x a m i n e d  w i th  
r easonab le  resolut ion.  E x a m i n a t i o n  of th i ck  sect ions  (0.5-  
1 i~m) on a t i l t  s tage allows a 3 -d imens iona l  e v a l u a t i o n  of 
t he  i n t e r r e l a t i onsh ip  of cell organel les  t h r o u g h  a g rea te r  
d i s t ance  in t he  t issue.  Specifically,  t he  t u b u l a r  connec t ion  
t h a t  we descr ibe  can  be  v isual ized  in 3-dimensions ,  ru l ing  
ou t  the  poss ib i l i ty  t h a t  the  images  are  t he  r e su l t  of super-  
impos i t ion  of s t ruc tu res .  
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Summary. H y d r o x y a p a t i t e  c h r o m a t o g r a p h y  has  been  used to d e m o n s t r a t e  t h a t  a lky l a t i on  of D N A  a t  n e u t r a l  p H  m a y  
lead to d e n a t u r a t i o n  u n d e r  condi t ions  where  no  s ign i f i can t  d e p u r i n a t i o n  occurs.  P resence  of sa l t  has  a p r e v e n t i v e  
effect  on  such  d e n a t u r a t i o n ,  

M a n y  chemica l  ca rc inogens  be long to the  class of a lkyl-  
s t i n g  agents .  B o t h  in v ivo  and  in v i t ro  s tudies  h a v e  
ind ica ted  t h a t  p r inc ip le  t a r g e t  of these  agen t s  are t he  
nucleic  acids 2-4. Lawley  and  Brooks  h a v e  shown t h a t  
t he  m a i n  a lky l a t i on  s i tes  in  double  s t r a n d e d  D N A  are  
the  N-7 of guan ine  a n d  N-3 of aden ine  5. In  add i t ion ,  
t he  a lky l a t i on  of D N A - p h o s p h a t e s  m a y  also occur. How-  
ever,  on th i s  aspec t  the re  are conf l ic t ing  repor t s  in t he  
l i t e r a tu re  6, 7. H s i u n g  e t  al. s h a v e  p o s t u l a t e d  t h a t  pa r t i a l  
d e n a t u r a t i o n  of a l k y l a t e d  D N A  a t  h ighe r  p H  va lues  m a y  
occur  t h r o u g h  t he  d i s rup t ion  of h y d r o g e n - b o n d i n g  due  
to  a base  ca t a lysed  imidazole  r ing open ing  of t he  quar -  
t e rn ized  N-7 guanine .  Rizv i  and  H a d i  h a v e  ear l ier  
pub l i shed  a p r e l i m i n a r y  e x p e r i m e n t  showing  t h a t  al-  
ky l a t i on  m a y  lead to d e n a t u r a t i o n  of D N A  u n d e r  n e u t r a l  
cond i t ions  o. To our  knowledge,  these  are the  on ly  repor t s  
ava i l ab le  in t he  l i t e r a t u r e  on  t he  effect  of a l k y l a t i n g  
agen t s  on  t he  s e c o n d a r y  s t r u c t u r e  of DNA.  I n  t he  p r e sen t  
work  we h a v e  used h y d r o x y a p a t i t e  c h r o m a t o g r a p h y  to 
d e m o n s t r a t e  t he  d e n a t u r a t i o n  of D N A  as a resu l t  of 
a lky l a t i on  w i t h o u t  caus ing  s igni f icant  depu r ina t i on .  

D i m e t h y l  su l fa te  has  been  chosen  a s t h e  a l k y l a t i n g  agent ,  
s ince i t  is k n o w n  to  cause  m i n i m u m  a l k y l a t i o n  of DNA- 
p h o s p h a t e s  10. 
Materials and methods. Calf t h y m u s  deoxyr ibose-nucle ic  
acid (sodium salt ,  average  mol.  w t  1 mill ion) was  ob t a ined  
f rom Sigma Chemica l  Company ,  a n d  was used w i t h o u t  
f u r t h e r  pur i f ica t ion .  D i m e t h y l  su l fa te  was o b t a i n e d  f rom 
May  and  B a k e r  Ltd ,  Eng land .  H y d r o x y a p a t i t e  was pre-  
p a r e d  as descr ibed  b y  B e r n a r d i  11. 
A 2-mg/ml  so lu t ion  of D N A  in T N E  (0.01 M tris-HC1, 
p H  7.4, 0.01 M or 0.1 M NaC1 a n d  2 X 1 0  -4 M EDTA) ,  
was  m e t h y l a t e d  b y  add ing  suff ic ient  d i m e t h y l  sulfate  
(DMS) to o b t a i n  t he  desired D N A  nuc l eo t i de /DMS molar  
ra t io .  The  so lu t ion  was gen t ly  s h a k e n  a t  25~ for the  
desi red per iod  of t ime.  The  ac id  re leased b y  t he  hydro ly -  
sis of the  m e t h y l a t i n g  a g e n t  was  neu t r a l i zed  b y  the  
a d d i t i o n  of i.m. N a O H  and  t he  p H  was m a i n t a i n e d  
b e t w e e n  6 a n d  7. D e p u r i n a t e d  D N A  was o b t a i n e d  f r o m  
a lky l a t ed  D N A  b y  i n c u b a t i n g  the  l a t t e r  a t  50 ~ for 4 h 12. 
H y d r o x y a p a t i t e  C h r o m a t o g r a p h y  was  done  as descr ibed 
b y  B e r n a r d i  n .  To d e t e r m i n e  the  a lkal i  labi le  acid-soluble  


