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Fig. 1. A zone of contact between a dilated cisternae of the endo- 
plasmic retieulum of a hepatectomy STH cell and the plasmalemma 
is indicated by the arrow. The star  indicates a mierovesicles aggregate 
in relation to a zone of increased density in the plasmalemma.  
× 35,000. 

Fig. 2. The 2 arrows indicate zones of contact between the plasma- 
lemma and 2 cisternae of the dilated endoplasmic reticulum. Increased 
density of the plasmalemma and dense material in the intersticial 
space are seen in these zones. × 35,000. 

G o l g i  c o m p l e x  w h i c h ,  o t h e r w i s e ,  i s  n o t  i n a c t i v e  b u t  
g r e a t l y  h y p e r t r o p h i e d  in  h e p a t e c t o m y  S T H  ce l l s  ~, a n d  
c o n t a i n s  m a n y  i m m a t u r e  g r a n u l e s  w i t h i n  t h e  Go l g i  zone .  

I t  i s  s u g g e s t e d  t h a t  t h e  d e e p  m e t a b o l i c  c h a n g e s  
a p p e a r i n g  a f t e r  h e p a t e c t o m y ,  t r i g g e r ,  in  s o m e  w a y  y e t  
u n k n o w n ,  t h i s  m e c h a n i s m  of  s h o r t  c i r c u i t  d i r e c t  r e l ea se .  

Resumen. E1 r e t i c u l o  e n d o p l a s m i c o  de  l a s  c e l u l a s  
s o m a t o t r o p a s  de l  r a t o n  h e p a t e c t o m i z a d o  se  e n c u e n t r a  
m u y  d i l a t a d o  y c o n t i e n e  m a t e r i a l  d e n s o  e n  el i n t e r i o r  
d e  s u s  c i s t e r n a s .  E s t a s  se  o b s e r v a n  f r e c u e n t e m e n t e  e n  
c o n t a c t o  c o n  l a  m e m b r a n a  c e l u l a r  e n  z o n a s  e n  q u e  6 s t a  

y el i n t e r s t i c i o  p r e s e n t a n  u n  a u m e n t o  d e  d e n s i d a d .  Se  
s u g i e r e  u n  m e c a n i s m o  d i r e c t o  d e  s e c r e c i 6 n  d e  l a  h o r -  
m o n a  s i n t e t i z a d a  e n  e x c e s o  e n  el r e t i c u l o  e n d o p l a s m i c o ,  
s i n  p a s a r  p r e v i a m e n t e  p o r  el c o m p l e j o  de  Golg i .  
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On the Mechanism of Modification of Radiation Effect by Dimethyl  Sulfoxide 

T h e  e f f e c t  o f  d i m e t h y l  s n l f o x i d e  ( D M S O )  o n  r a d i a -  t h e  m o l e c u l a r  1, c e l l u l a r  z a n d  a n i m a l  ~ l eve l s .  D M S O  is 
t i o n  r e s p o n s e  i n v o l v e s  a d i c h o t o m y - p r o t e c t i o n  in  s o m e  t h e  i n i t i a l  t o p i c a l l y  e f f e c t i v e  p r o t e c t o r  a g a i n s t  r a d i a t i o n  
i n s t a n c e s  a n d  s e n s i t i z a t i o n  in  o t h e r s .  I t  h a s  b e e n  s h o w n  c a t a r a c t  4,~. M o r e o v e r ,  c o n c o m i t a n t  s e n s i t i z a t i o n  o f  t h e  
t h a t  D M S O  is a n  e f f e c t i v e  r a d i o p r o t e c t i v e  s u b s t a n c e  a t  i r r a d i a t e d  c o r n e a  w a s  o b s e r v e d  w i t h  h i g h  c o n c e n t r a t i o n s  
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of DMSO. The drug  has  also been  found  to  sensi t ize  
skin to  ionizing radia t ion% 

I t  has  been  ascer ta ined  t h a t  DMSO revers ib ly  inh ib i t s  
a n u m b e r  of biological  processes  v-n .  These effects  d i sp lay  
a m a r k e d  concen t r a t i on  dependence ,  and  since radio- 
sens i t iza t ion  seems to  occur in t issues of h ighes t  DMSO 
c o n c e n t r a t i o n  (cornea and  skin), we have  inves t iga t ed  
the  re la t ionsh ip  be tween  DMSO concen t r a t i on  and  radio-  
sens i t iv i ty  in an in v i t ro  cell sys tem.  

P815X2 m a s t o c y t o m a  cells were u t i l ized in th i s  inves-  
t iga t ion .  The  m e t h o d s  of cul ture ,  cell l ine charac ter i s t ics ,  
and  surv iva l  assay  have  been  descr ibed  z~, ~. 

In  each  e x p e r i m e n t  a cell  suspens ion  con ta in ing  a 10 ~ 
log phase  cel ls /ml  was  p r epa red  in comp le t e  g row t h  
m e d i u m .  All t r e a t m e n t s  were carr ied ou t  on 2 ml  a l iquo t s  
of  t he  cell suspens ion  k e p t  in an ice ba th .  Var ious  a m o u n t s  
of iced DMSO (50% in dis t i l led water)  were  a d d e d  to  
o b t a i n  t h e  desi red f inal  concen t r a t ion  of t h e  drug,  as 
ind ica ted .  Med ium was  t h e n  a d d e d  so t h a t  t h e  t u b e s  
con ta ined  equa l  vo lumes  a t  t h e  t i m e  of i r rad ia t ion .  In  
e x p e r i m e n t s  invo lv ing  t h e  add i t i on  of DMSO fol lowing 
i r radia t ion ,  t h e  t i m e  be tween  exposures  and  d rug  was  
less t h a n  30 sec. D r u g  r emova l  was accompl i shed  b y  
wash ing  t h e  cells 3 t imes  w i t h  iced med ium.  All r ad i a t ion  
exposures  were admin i s t e r ed  while  t h e  cell suspens ions  
were  a t  0 °C. Phys ica l  fac tors  of i r rad ia t ion  were  : 250 kVcp ; 
0.5 m m  Cu -}- 1.0 m m  A1 a d d e d  f i l t ra t ion ;  H V L  1.8 m m  
Cu; T T d  72 cm;  exposure  rate ,  as measu red  in  air  a t  
t h e  level of t h e  cell  suspens ion  w i t h  a S iemen ' s  condenser  
R-me te r ,  was 60 R /min .  Pos t - i r r ad ia t ion  incuba t ions  
were done  in a w a t e r  b a t h  a t  37°C. 

F rac t iona l  cell surv iva l  a f ter  var ious  t r e a t m e n t s  is 
i l lus t ra ted  in F igure  1. In  e x p e r i m e n t a l  des ign A, cells 
were i r r ad ia ted  w i t h  350 R or 0 R a t  0°C, and  DMSO 
was added  i m m e d i a t e l y  a f t e r  exposure  to  a f inal  con- 
cen t r a t i on  of 0, 3 or 15%. The  cells were m a i n t a i n e d  for 
3.5 h a t  37°C, t hen  washed  3 t imes  wi th  iced med ium,  
i r r ad ia ted  w i t h  a second 350 R,  and  assayed  for survival .  
For  t he  cell l ine employed ,  350 R is on the  exponen t i a l  
po r t i on  of t he  single dose surviva l  curve.  In  B, t h e  cells 
were  i r rad ia ted  wi th  700 R in t he  presence  of 0, 3 or 
15% DMSO. I m m e d i a t e l y  a f te r  exposure ,  t h e y  were  
w a s h e d  and  assayed for survival .  In  C, t he  cells were  
i r r ad ia ted  w i t h  700 R in t he  presence  of 0, 3 or 15% 

DMSO, and  the  d rug  was  lef t  in the  cell suspens ion  for 
a 3.5 h incuba t ion  at  37°C. The  cells were  washed  and  
assayed  for survival .  The d a t a  is expressed  as f rac t ion  
of co r respond ing  un i r r ad ia t ed  control .  

As m a y  be seen in F igure  1, 3% DMSO p r e s e n t  b e t w e e n  
exposures  of 350 R given 3.5 h a p a r t  d id  no t  inf luence 
su rv iva l ;  conversely,  15% DMSO grea t ly  reduced  cell 
survival .  Marked r ad iop ro t ec t ion  occur red  a t  concen-  
t r a t i o n s  of b o t h  3% and  15% w h e n  t h e  d rug  was  r e m o v e d  
i m m e d i a t e l y  a f te r  exposure  (Figure t B ) .  The  resul ts  of 
add ing  the  drug  pr ior  to  exposure  and  al lowing i t  to  
r e ma i n  dur ing  the  3.5 h r epa i r  in te rva l  a re  shown  in 
F igure  1C. As an t ic ipa ted ,  p ro t ec t i on  resu l ted  f rom a 
3% concen t ra t ion .  The  degree  of p ro t ec t i on  was  quan-  
t i t a t i ve ly  s imi lar  to  t h a t  observed  w h e n  t h e  3% DMSO 
was  r e m o v e d  i m m e d i a t e l y  a f te r  exposure  (Figure I B). 
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Fig. 2. Cell survival, relative to that following a single exposure 
of 700 R, obtained with various concentrations of DMSO present 
during the interval between successive 350 R exposures. Insert: 
cloning efficiency of unirradiatcd cells incubated in DMSO for 
various times at 37°C. 

01 

r t y  

t r a m  
c . m  

0.01 

0.001 
A I} 

Fig. 1. Fractional cell survival following various radiation and drug 
treatments (see text). 
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T h e  d a t a  for 15% DMSO ind i ca t e s  a level  of s u r v i v a l  in  
b e t w e e n  t h a t  obse rved  w h e n  t h e  d r u g  was  app l i ed  be-  
t w e e n  exposures  (1A) a n d  t h a t  w h i c h  occurs  w h e n  t h e  
d rug  is app l i ed  p r io r  to  i r r a d i a t i o n  b u t  r e m o v e d  i m m e -  
d i a t e ly  t h e r e a f t e r  ( l b ) .  U n d e r  these  cond i t ions ,  s u r v i v a l  
ref lec ts  t h e  n e t  r e su l t  of 2 oppos ing  processes  a n d  is 
i n t e r m e d i a t e  f rom t h e  2 ex t r emes .  

To e luc ida te  t he  ef fec t  of D M S O  on  p o s t - i r r a d i a t i o n  
r epa i r  processes,  t h e  d r u g  was  a d d e d  i m m e d i a t e l y  a l t e r  
a c o n d i t i o n i n g  exposure  of 350 R, a l lowed to  r e m a i n  for 
va r ious  d u r a t i o n s  p r io r  to  r emova l ,  i r r a d i a t i o n  w i t h  a 
second 350 R,  a n d  s u r v i v a l  assay.  T h e  d a t a  are  s h o w n  
in  F igure  2. Spl i t -dose  s u r v i v a l  is p l o t t e d  r e l a t i ve  to  
t h a t  fo l lowing a s ingle  exposure  of 700 R (note  loga- 
r i t h m i c  scale on  o rd ina te ) .  T h e  r epa i r  k ine t i c s  a t  a d rug  
c o n c e n t r a t i o n  of 3 %  do n o t  differ  a p p r e c i a b l y  f rom con-  
t ro l  (cf. F igu re  1A). I f  15% D M S O  on ly  b locked  r epa i r  
of s u b l e t h a l  damage ,  a cu rve  w i t h  0 slope a n d  a n  i n t e r c e p t  
of 1 shou ld  h a v e  b e e n  o b t a i n e d .  T he  o b s e r v e d  c u r v e  for  
15% ind ica t e s  a de f in i t e  a d d i t i o n a l  r ad iosens i t i za t ion .  
This ,  a long  w i t h  t he  p r ev ious  da ta ,  sugges ts  t h a t  DMSO 
af fec ts  r epa i r  of p o t e n t i a l l y  l e t h a l  r a d i a t i o n  damage .  
The  degree  of s ens i t i za t ion  b y  15% D M S O  is seen to  be  
g r ea t e s t  in  t h e  f i r s t  h o u r  fo l lowing i r r a d i a t i o n  a n d  reaches  
a p l a t e a u  a t  a b o u t  3 -4  h. T he  d a t a  in  F igu re  2 (insert} 
i l l u s t r a t e  t h a t  15% D M S O  is p rogress ive ly  tox ic  to  t he  
cells. However ,  t h i s  is n o t  n e a r l y  of suff ic ient  m a g n i t u d e  
to  exp l a in  t h e  decrease  in  s u r v i v a l  observed ,  a n d  all  
s u r v i v a l  d a t a  a re  expressed  in  t e r m s  of r e spec t ive  un-  
i r r a d i a t e d  con t ro l  values .  Also, a s t r i k ing  decrease  in  
r a d i a t i o n  s u r v i v a l  is seen a t  1 h, w h e n  t h e  c lon ing  
eff ic iency for  cells t r e a t e d  w i t h  15% DMSO is 70%.  
Therefore ,  t he  effect  of 15% D M S O  on cell s u r v i v a l  is 
n o t  s i m p l y  a n  a d d i t i v e  one  of r a d i a t i o n  d a m a g e  a n d  
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Fig. 3. Cell survival following a single exposure of 350 R. A lh 
incubation in 15% DMSO at 37°C was instituted commencing at 
various times after irradiation. Horizontal bar represents 350 R 
survival of cells not exposed to the drug. 

d rug  t o x i c i t y ;  r a t he r ,  t h e r e  a p p e a r s  to  be  a s t r ong ly  
synerg i s t i c  r e l a t i onsh ip  b e t w e e n  i r r a d i a t i o n  a n d  th i s  con-  
c e n t r a t i o n  of DMSO,  

Cells were i r r a d i a t e d  w i t h  a s ingle exposu re  of 350 R 
to e x a m i n e  t he  t e m p o r a l  course  of D M S O  ac t ion .  A 1 h 
i n c u b a t i o n  in 15% D M S O  a t  37°C was  a d m i n i s t e r e d  
c o m m e n c i n g  a t  va r i ous  t i m e s  a f t e r  exposure  (F igure  3). 
The  h o r i z o n t a l  b a r  i nd i ca t e s  t he  level  of s u r v i v a l  fol- 
lowing 350 R for  u n t r e a t e d  cells. I t  is a p p a r e n t  t h a t  t h e  
sens i t iz ing  eff icacy of D M S O  decreases  r ap id ly  as t h e  
t i m e  be tween  i r r a d i a t i o n  a n d  onse t  of D M S O  t r e a t m e n t  
increases.  W h e n  t he  d r u g  is app l i ed  in t h e  3-4  h i n t e r v a l  
fol lowing i r r ad ia t ion ,  s u r v i v a l  a p p r o a c h e s  t h a t  of i r ra-  
d i a t ed  cells w i t h o u t  s u b s e q u e n t  exposu re  to  DMSO.  
Conversely ,  i t  follows t h a t  r e p a i r  of r a d i a t i o n  d a m a g e  
(of t h e  t y p e  i n h i b i t e d  b y  DMSO) proceeds  r a p i d l y  fol- 
lowing exposu re  a n d  is e ssen t i a l ly  c o m p l e t e  in  3-4  h. 
The  t e m p o r a l  k ine t i c s  t h e n  are  no t  a p p r e c i a b l y  d i s s imi la r  
to  those  of sp l i t -dose  t y p e  repa i r  (Figure  2). 

The  d a t a  p r e sen t ed  he re in  p rov ide  c l a r i fy ing  i n fo rma-  
t i on  on  t h e  d i c h o t o m o u s  i n t e r a c t i o n  b e t w e e n  D M S O  a n d  
X - i r r a d i a t i o n .  

U n d e r  cond i t i ons  w h e r e i n  t h e  d rug  is app l i ed  p r io r  to  
exposu re  in  low concen t r a t i ons ,  or is r e m o v e d  i m m e -  
d i a t e l y  fo l lowing i r r a d i a t i o n  a t  0 °C, i.e. whe re in  m e t a b -  
olic a l t e r a t i o n  caused  b y  t h e  d rug  is avoided ,  s t r i c t l y  
c o n c e n t r a t i o n  d e p e n d e n t  r a d i o p r o t e c t i o n  is obse rved .  
W h e n  15% DMSO is a l lowed to  r e m a i n  for  even  a s h o r t  
t i m e  p o s t - i r r a d i a t i o n  u n d e r  c o n d i t i o n s  conduc ive  to  cel- 
lu l a r  m e t a b o l i s m ,  s u r v i v a l  is d ra s t i ca l ly  r educed  f rom 
t h e  m a x i m u m  level  la,15. 

Zusammen]assung. Es  w u r d e  die f r i iher  in  v ivo  be-  
o b a c h t e t e  d i c h o t o m e  W e c h s e l w i r k u n g  zwischen  D i m e t h y l -  
su l foxid  ( D M S 0 )  u n d  R 6 n t g e n s t r a h l e n  in v i t r o  a n  e i n e m  
S y s t e m  yon  SAuget ierzel len u n t e r s u c h t .  W i r d  3 %  D M S O  
vo r  de r  B e s t r a h l u n g  zugeftigt ,  so w i r k t  es als R a d i o -  
p r o t e k t o r ,  gleichgii l t ig,  ob  u n m i t t e l b a r  n a c h  de r  Be-  
s t r a h l u n g  e n t f e r n t  ode r  w ~ h r e n d  de r  R e p a r a t i o n s z e i t  
be lassen.  Das  t3be r l eben  wi rd  au f fa l l end  e rh6h t ,  w e n n  
eine K o n z e n t r a t i o n  v o n  15% D M S O  wi ih rend  de r  Be-  
s t r a h l u n g  v o r h a n d e n  is t  oder  abe r  u n m i t t e l b a r  d a n a c h  
e n t f e r n t  wird.  V e r b l e i b t  de r  W i r k s t o f f  w i ih rend  der  
R e p a r a t i o n s z e i t ,  so k o m m t  es zu e iner  d r a s t i s c h e n  H e r a b -  
s e t zung  de r  U b e r l e b e n s q u o t e .  
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V a r i a b i l i t y  of  t h e  B o h r  Ef fec t  i n  M a n  

I n  a p r ev ious  p a p e r  1, we h a v e  s h o w n  t h a t  s t r o n g  
v a r i a t i o n s  can  be  d e t e c t e d  in  t he  v a l u e  of t he  B o h r  effect,  
m e a s u r e d  in c rude  h a e m o l y s a t e s ,  in  i nd i v i dua l s  With 
n o r m a l  haemog lob in .  

The  h ighes t  B o h r  effects  were  obse rved  in P e r u v i a n  
I n d i a n s  l iv ing  a t  4000 m a b o v e  sea  level,  b u t  a con-  
s ide rab le  v a r i a b i l i t y  was  also p r e s e n t  in  t h e  E u r o p e a n  

popu la t i on .  The  conc lus ion  was r eached  t h a t  t h e  va r i a -  
t ion  in t he  i n t e n s i t y  of t he  B o h r  effect  m a y  be  due  to  
some u n k n o w n  fac to r  o t h e r  t h a n  t h e  h a e m o g l o b i n  itself.  
I n  a p a p e r  b y  DILL et  al. 2 some i n d i c a t i o n  can  be  f o u n d  
t h a t  in  p a t i e n t s  w i t h  d i abe t i c  c o m a  b o t h  t h e  pos i t ion  
of t he  o x y g e n  d i s soc ia t ion  cu rve  a n d  t h e  i n t e n s i t y  of 
t he  B o h r  effect  are  n o t  s imp ly  a f u n c t i o n  of pH.  


