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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.  
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I n  t he  p re sen t  pape r  we examine  the  B o h r  effect  in 
t h e  h a e m o l y s a t e s  of 15 d iabet ic  ind iv idua l s  w i th  h igh  
g lycemia  (from 2°/00 to 5°/00). 

H b  o x y g e n  dissocia t ion curves  were  d e t e r m i n e d  
accord ing  to  LEGGIO and  !VIORPURGO 3 in 0 . 1 M  phos-  
p h a t e  buf fe r  a t  p H ' s  of 7.4 and  6.7. Resu l t s  are r epo r t e d  
in t he  Table  and  in F igure  1. I t  can be seen t h a t  d iabe t ic  

Comparison of partial oxygen pressures required for 50% (P60) 
saturation of hacmoglobin from normal individuals and diabetic 
patients (with standard deviations of the mean). The Bohr effect 
is calculated as the difference between the values obtained at 
pH 6.7 and 7.4; for remanent details see text 

No. of pH 7.4 pH 6.7 Bohr 
indi- effect 
viduals 

Normal individuals 18 19.5 4- 1.5 • 26.4 4- 1,48 6,9 
Diabetic patients 15 20.6 4- 1.9 31.9 4- 1.6 11.3 
Normal purified 3 19.3 4- 0.5 26.3 4- 0.5 7,0 
by sephadex 
Diabetic purified 4 19.0 4- 0.8 25.7 4- 1.2 6.7 
by sephadex 
Diabetic sephadex ~ 1 19 26 7 
Normal filtrate 
Normal sephadex ~ 1 20 30 10 
Diabetic filtrate 
Normal sephadex ~ i 20 26 6 
Normal filtrate 

Standard deviation of the mean. 

Diabolic pafie, nts 

pH 7.4 Ps0 pH 5.7 Bot)r cflect at Psa 

]4 IS 22 ~poz ?~o 724 ~ ~ 36po z O 5 ]?. ]BAp0 z 
Normal ]nOMOuals 

lg la Zz 26poz ~Q ~ N ?z ~gPlh o a ~Z lg~po~ 
Fig, 1. Histograms showing the individual distributions of partial 
oxygen pressure required for 50% saturation (P60) of haemoglobin 
in haemolysates diluted in 0.1 M phosphate buffer, at pH 7.4 and 
pH 6.7, from diabetic patients and normal individuals, Each square 
represents 1 person. The histogram on the right shows the Bohr 
effect at P60- 
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Fig. 2. PO~ at half saturation of Hb purified by Sephadex at the 
pH's of 7.4 and 6.7 with increasing concentration of ATP and 
2-3 DPG. Temperature 37 °C in 0.1 M phosphate buffer, 

p a t i e n t s  h a v e  a t  P~0 (the pa r t i a l  pressure  0 2 a t  ha l f  
sa tu ra t ion)  a h igher  B o h r  effect  t h a n  the  n o r ma l  indivi-  
duals .  This  is due  essent ia l ly  to  a sh i f t  t o w a r d  the  r i gh t  
of  the  oxygen  dissocia t ion curve  d e t e r m i n e d  a t  p H  6.7. 
The  same  p h e n o m e n o n  has  been  observed  in t he  haemo-  
tysa te  of the  Pe r u v i a n  Ind ians .  

The h a e m o l y s a t e s  of 4 d iabe t ic  p a t i e n t s  were  e x a mi n e d  
by  s t a rch  gel e lec t rophores is  according to  GOLDBERG 4 
and  only  no rma l  haemoglob ins  (A + A2) were de tec ted .  
The  same haemolysa t e s  were  pur i f ied  w i t h  two co lumns  
of Se p h a d e x  G 25 equi l ib ra ted  wi th  t he  p h o s p h a t e  buf-  
fers a t  t he  p H ' s  of 7.4 and  6.7. Pur i f i ca t ion  b y  S e p h a d e x  
resul ted  in a s t rong  reduc t ion  of t h e  Bohr  effect  wh ich  
is a lmos t  ident ica l  w i t h  t h a t  of t h e  con t ro l  (Table). t n  
one o the r  case, t h e  h a e m o l y s a t e s  were  depr ived  of t h e  
haemog lob in  by  f i l t ra t ion  t h r o u g h  X M  50 Amicon  (a 
m e m b r a n e  which  re ta ins  p ro t e ins  above  50,000 tool. vet.). 

The  haemog lob in  of a n o r ma l  ind iv idua l  pur i f ied  b y  
Se p h a d e x  was  t h e n  d i lu ted  wi th  t he  f i l t ra te  free of 
haemog lob in  of t h e  d iabe t ic  p a t i e n t  and  t h e  oxygen  
dissocia t ion curve  was  d e t e r m i n e d  a t  p H  6.7. In  th is  
condi t ion  a sh i f t  t o w a r d  the  r igh t  of t he  curve  can be 
observed .  On the  cont ra ry ,  the  pos i t ion  of t h e  curve  
resul t ing  f rom s t r i pped  haemoglob in  of a no rma l  or 
d iabe t ic  ind iv idua l  d i lu ted  in t h e  f i l t ra te  free of haemo-  
globin of a no rma l  ind iv idua l  r ema ins  unchanged  (Table). 

I t  is wel t  k n o w n  5,6 t h a t  in  m a n  the  pos i t ion  of t he  
oxygen  dissocia t ion curve  is d e t e r m i n e d  b y  the  concen-  
t r a t i o n  of organic  p h o s p h a t e .  I t  is however  'a  pr ior i '  
unl ikely  t h a t  in onr  case t he  fac tor  respons ib le  for  t he  
shi f t  a t  p H  6.7 is 2-3 D P G  or ATP.  Organic  phospha t e ,  
in t he  physiological  range,  has  no effect  on the  a f f in i ty  
of H b  for t he  oxygen  in p h o s p h a t e  buffers  a t  t he  ionic 
s t r e n g h t h  we used% 

At  a n y  ra te  we have added  as a con t ro l  increasing 
concen t r a t ions  of A T P  and  2-3 D P G  to an  h a e m o l y s a t e  
pur i f ied  by  Se p h a d e x  of a n o r ma l  ind iv idua l  in 0 . 1 M  
p h o s p h a t e  buffer .  2-3 D P G  sod ium sal t  was  c o n v e r t e d  
in to  pure  acid  w i th  Natc i te  H C R  a n d  t i t r a t e d  pr ior  to  
d e t e r m i n a t i o n  of t he  curve  accord ing  BARTLETT 7. 

NO sh i f t  of t he  oxygen  d issocia t ion  curve  was  obse rved  
(Figure 2). 

This  e x p e r i m e n t  shows t h a t  t he  Bohr  effect  in m a n  
is unde r  t he  cont ro l  of a low molecular  we igh t  fac tor  
specif ical ly af fec t ing  the  Hb-O~ af f in i ty  a t  t he  acidic pH.  

Riassunto. L 'e f f e t to  B o h r  ~ n o t e v o l m e n t e  e significa- 
t i v a m e n t e  pi~ e leva to  nei  d iabet ic i  che  negli  individui  
normal i .  Si d i m o s t r a  che ta le  d i f ferenza  non  ~ d o v u t a  ad 
un  c a m b i a m e n t o  nel la  molecola  de lFemoglobina ,  m a  alla 
p resenza  di  un  cofa t to re  d iverso  da  quel l i  no t i  e cio6 
dai  fosfat i  organici  A T P  e 2-3 DPG.  
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