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ABSTRACT 

S t a r c h  p a r t i c l e s  i n j e c t e d  i n t o  t h e  a r t e r i a l  and p o r t a l  systems of t h e  l i v e r  

of the  r a t  caused a temporary blockage of the l i v e r  c i r c u l a t i o n  and consequent 

hypoxia i n  t h e  l i v e r  c e l l s .  I n  t h e  r e g e n e r a t i n g  l i v e r  t h i s  r e s u l t e d  i n  a 

30-402 decrease  of thymidine i n c o r p o r a t i o n  i n t o  DNA, when analysed 1.5 hours  

a f t e r  i n j e c t i o n .  I r rad ia t ion- induced  c e l l  damage, eva lua ted  by thymidine incor-  

pora t ion  1.5 hours  a f t e r  i r r a d i a t i o n  w i t h  a s i n g l e  dose of X-rays, was n o t  

amel iora ted  by t h e  ischemic condi t ion .  It i s  suggested t h a t  t h i s  depends on a n  

i n h i b i t e d  n u c l e o t i d e  metabolism and DNA s y n t h e s i s  lead ing  t o  an  a d d i t i v e  meta- 

b o l i c  hypoxic e f f e c t  of t h e  s t a r c h  p a r t i c l e s  on r a d i a t i o n  damage. An equal  l e v e l  

of thymidine incorpora t ion ,  however, w a s  found i n  an ischemic and a non- 

-ischemic group of animals  16 hours  a f t e r  i r r a d i a t i o n .  In  t h i s  case  t h e  l i v e r  

c e l l s  i n  t h e  ischemic group had overcome t h e  a d d i t i o n a l  i n h i b i t i o n  of DNA 

s y n t h e s i s  caused by temporary hypoxia. 

INTRODUCTION 

Low LET-radiation induces DNA damage by f r e e  r a d i c a l s .  An extremely low 

t i s s u e  concent ra t ion  of molecular  oxygen reduces damage. The degree of damage 

can be s t u d i e d  h i s t o l o g i c a l l y  (5,6) o r ,  a t  t h e  molecular  l e v e l ,  e f f e c t s  on DNA 

s y n t h e s i s  can b e  s t u d i e d  by t h e  incorpora t ion  of r a d i o a c t i v e l y  l a b e l l e d  precur- 

s o r s  e .g .  thymidine ( 1 , 1 4 ) .  Rapidly growing l i v e r  c e l l s  o f f e r  a good oppor tuni ty  

f o r  such s t u d i e s .  

A f t e r  p a r t i a l  hepatectomy l i v e r  c e l l s  a r e  f a i r l y  w e l l  synchronized when 

e n t e r i n g  t h e  S-phase of t h e  c e l l  c y c l e  w i t h i n  12-30 hours  of regenera t ion .  The 

v a r i o u s  s t a g e s  of t h e  ce l l  c y c l e  have been thoroughly i n v e s t i g a t e d  and t h e  w e l l  

known t i m e  course  f o r  the  growth of t h e  r e g e n e r a t i n g  l i v e r  (9 , lO) al lows s t u d i e s  

of r a d i a t i o n  e f f e c t s  a t  d i f f e r e n t  s t a g e s  ( 1 , 2 , 8 ) .  

I n  the  p r e s e n t  s tudy we analysed t h e  e f f e c t s  of i r r a d i a t i o n  on DNA-synthesis 

i n  regenera t ing  ischemic l i v e r  t i s s u e .  Ischemia was temporar i ly  induced by means 

of i n t r a v a s c u l a r l y  i n j e c t e d ,  degradable  s t a r c h  microspheres ( 4 ) .  The animals  
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were whole-body-irradiated dur ing  t h e  p r e r e p l i c a t i v e  o r  t h e  r e p l i c a t i v e  phase 

of l i v e r  growth. DNA-synthesis w a s  eva lua ted  by thymidine i n c o r p o r a t i o n  i n t o  

DNA d u r i n g  t h e  r e p l i c a t i v e  phase of growth. 

MATERIAL AND METHODS 

Animals 

Young a d u l t  male Sprague-Dawley rats weighing 160-180 g (SPF-quality, Anti- 

cimex, Sweden) were used. The animals  were kept  under cons tan t  c o n d i t i o n s ,  and 

had f r e e  access  t o  s tandard  labora tory  d i e t  before  and a f t e r  t h e  experimental  

procedures .  

S u r g i c a l  procedures 

The s u r g i c a l  procedures  have been thoroughly descr ibed  e a r l i e r  (11). The 

experiments were accomplished i n  four  d i f f e r e n t  s e r i e s .  S e r i e s  I and I11 com- 

p r i s e d  sham-operated and p a r t i a l l y  hepatectomized animals .  Series I1 and I V  

comprised p a r t i a l l y  hepatectomized animals w i t h  one c a t h e t e r  i n  t h e  gastroduo- 

d e n a l  a r t e r y ,  one i n  t h e  i l e o - c o l i c  v e i n  and one c a t h e t e r  emptying i n t o  t h e  

p e r i t o n e a l  c a v i t y .  The c a t h e t e r s  were i n s e r t e d  i n t o  the  v e s s e l s  o r  f i x e d  t o  t h e  

p e r i t o n e a l  w a l l  i n  connect ion with p a r t i a l  hepatectomy as descr ibed  previous ly  

(11) .  Each c a t h e t e r  w a s  f l u s h e d ,  f i l l e d  w i t h  Fyskosal  (Pharmacia) + Heparin 

(Vitrum) 500 IE/100 m l  and plugged. The c a t h e t e r s  were kept  open by i n t e r m i t t e n t  

f l u s h i n g .  I n j e c t i o n  of s t a r c h  p a r t i c l e s  i n t o  t h e  v a s c u l a r  c a t h e t e r s  was per for -  

med 8 o r  25 hours  a f t e r  surgery.  To avoid d i u r n a l  v a r i a t i o n  a l l  o p e r a t i o n s  were 

performed between 8 - 11 a . m .  

I r r a d i a t i o n  

The rats were exposed t o  t o t a l  doses  of 4 - 16 Gy whole body i r r a d i a t i o n .  

S e r i e s  I, I1 and I V  w e r e  i r r a d i a t e d  wi th  8 MV X-rays from a l i n e a r  a c c e l e r a t o r  

a t  a dose r a t e  of 4 Gy/min. S e r i e s  111 was i r r a d i a t e d  i n  an i r r a d i a t i o n  chamber 

w i t h  y-rays from a 137Ce  source  (Scandi t ronix ,  B 349, Scandi t ronix  ins t ruments  

AB, Uppsala, Sweden) a t  a dose rate of 0 .84 Gy/min. Non-irradiated c o n t r o l  

groups were included i n  each series. 

S t a r c h  p a r t i c l e s  

D i g e s t i b l e  s t a r c h  p a r t i c l e s  (Spherex 60 mg/ml, ba tch  78 08 2 4 ,  Pharmacia) 

were adminis te red  i n t o  t h e  p o r t a l  and a r t e r i a l  c a t h e t e r s  3.5 minutes  before  

i r r a d i a t i o n  ( s e r i e s  I1 and IV). Mean diameter  of t h e  spheres  was 30 p. 200 p1 

of Spherex suspension was i n j e c t e d  i n t o  each c a t h e t e r  and t h e  c a t h e t e r s  were 

f l u s h e d  w i t h  200 p1 s a l i n e  (Fyskosal ,  Pharmacia) . 
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Radionucl ides  

Thymidine incorpora t ion  i n t o  DNA was analysed on t h e  second day a f t e r  p a r t i a l  

hepatectomy and 16 o r  1 .5  hours  a f t e r  i r r a d i a t i o n .  100 ~1 c o n t a i n i n g  185 kBq 

(5 pCi) of ( m e t ~ l - ' ~ C )  thymidine (185 GBq, Amersham) o r  100 1.11 c o n t a i n i n g  

3.7 MBq (100 VCi) of (metyl- H) thymidine (555-1110 G B q ,  Amersham) was adminis- 

t e r e d  i . p .  I n  animals  w i t h  p e r i t o n e a l  c a t h e t e r s  i n j e c t i o n  w a s  made by way of 

t h i s  c a t h e t e r .  Animals i r r a d i a t e d  1 . 5  hours before  a n a l y s i s  of DNA s y n t h e s i s  

were p r e l a b e l l e d  w i t h  3H-thymidine one hour b e f o r e  i r r a d i a t i o n  t o  g ive  the  pre- 

t rea tment  l e v e l  of DNA s y n t h e s i s  i n  each animal. I n  t h e s e  animals I4C-thymidine 

w a s  used f o r  a n a l y s i s  of thymidine incorpora t ion  i n t o  DNA 1.5 hours a f t e r  irra- 

d i a t i o n .  The double- labe l l ing  allowed a n a l y s i s  of e f f e c t s  of r a d i a t i o n  i n  each 

animal (11). 

3 

I n t a c t  

Regen. 

Regen. 

Regen. 

Analysis  of DNA 

DNA was e x t r a c t e d  according t o  Schmidt-Tannhluser a s  modif ied by Munro & 

Fleck (12)  and q u a n t i f i e d  according t o  Burton (3)  o r  i s o l a t e d  and q u a n t i f i e d  

according t o  Kasche Amneus (7) .  Incorpora t ion  of l a b e l l e d  thymidine was ana lysed  

by l i q u i d  s c i n t i l l a t i o n  (Mark I1 S c i n t i l l a t i o n  Counter) and t h e  s p e c i f i c  a c t i v i -  

t y  of DNA w a s  c a l c u l a t e d  as t h e  amount of r a d i o a c t i v i t y  p e r  mg of DNA p e r  in jec-  

t e d  amount of r a d i o a c t i v i t y .  The e f f e c t  of r a d i a t i o n  dose w a s  c a l c u l a t e d  as t h e  

r a t i o  between t h e  d i f f e r e n c e  i n  DNA s p e c i f i c  a c t i v i t y  i n  i r r a d i a t e d  and non- 

i r r a d i a t e d  animals and t h e  r a d i a t i o n  dose. 

- - 24 25 2 0.24 -f 0.08 - 
- - 24 25 4 2.30 1.12 

4 8 24 25 3 0.86 z 0.16 0.4 

8 8 24 25 4 0.62 0.19 3.2 

RESULTS 

Table 1. Thymidine incorpora t ion  i n t o  l i v e r  DNA. S e r i e s  I. E f f e c t  of p a r t i a l  
hepatectomy and r a d i a t i o n  dose. I r r a d i a t i o n  performed 8 hours a f t e r  
p a r t i a l  hepatectomy. Mean s tandard  d e v i a t i o n ,  r e l a t i v e  va lues .  

L iver  I Radiat ion I3H-thymidine / K i l l i n g  \Number I3H-spec. / E f f e c t  of 
s t a t u s  1- lhours a f t e r  /hours a f te r  If 

1;;i;;ty i n  I r a d i a t i o n  dose x l o 3  p a r t  .hep. p a r t  .hep. animals  DNA 

8 I 24 I 25 I 4 10.54 0.121 I p.1 
Regen- I I 

Thymidine incorpora t ion  increased  t e n f o l d  i n  l i v e r  t i s s u e  24 hours a f t e r  

p a r t i a l  hepatectomy (Table 1). The v a r i a t i o n  of thymidine incorpora t ion  bet-  

ween d i f f e r e n t  animals  w a s  high.  I r r a d i a t i o n  8 hours  a f t e r  surgery  decreased 

thymidine incorpora t ion  24 hours  p o s t o p e r a t i v e l y .  The e f f e c t  of t h e  r a d i a t i o n  
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dose w a s  h i g h e s t  a t  4 Gy. Increased r a d i a t i o n  dose (Table 1) reduced thymidine 

incorpora t ion .  

An increased thymidine incorpora t ion  i n t o  l i v e r  t i s s u e  made ischemic dur ing  

i r r a d i a t i o n  was n o t  found (Table 2 ) .  The c a t h e t e r s  i n  t h e  a r t e r i a l  and p o r t a l  

systems, necessary f o r  a d m i n i s t r a t i o n  of t h e  s t a r c h  p a r t i c l e s ,  depressed 

thymidine i n c o r p o r a t i o n  (Table 2)  as  h a s  been noted before  (11). 

Table 2 .  Thymidine i n c o r p o r a t i o n  i n  l i v e r  DNA on t h e  second day a f t e r  p a r t i a l  
hepatectomy. S e r i e s  11. E f f e c t  of d i g e s t i b l e  s t a r c h  p a r t i c l e s  dur ing  
i r r a d i a t i o n  8 hours  a f t e r  p a r t i a l  hepatectomy. 3H-thymidine w a s  adminis 
t e r e d  i . p .  24 hours a f t e r  p a r t i a l  hepatectomy, and t h e  r a t s  were 
k i l l e d  25 hours  a f t e r  p a r t i a l  hepatectomy. 

S t a r c h  
p a r t i c l e s  Radiat ion 

dose hours a f t e r  
Gy par t .hep .  

- - 
- - 
- 7 8 

+ 7 8 

Cathe ters  i n  
a. gas t rod .  
v . i l e o - c o l i c a  

Number of 3H-spec. a c t i v i t y  
i n  DNA anima 1 s 

M SD 

4 2.43 0.61 

4 1.67 1.13 

7 0.62 _+ 0.26 1) 

7 0.85 0.36’’ 

Radia t ion  14C-thymidine 
hours a f t e r  
p a r t .  hep. dose hours  a f t e r  

Gy par t .hep .  

- - 26.5 

3 25 26.5 

7 25 26.5 

1) Dif fe rence  not  s i g n i f i c a n t .  Student’s t-test. 

k i l l e d  14C-spec. E f f e c t  of 1 4 c / 3 ~  i n  
hours  a c t i v i t y  r a d i a t i o n  l i v e r  DNA 
a f t e r  i n  DNA d o s e x 1 0 3  M -+ SD 
par t .hep .  M -+ SD 

27.5 1.2320.421’ ) 0.5620. 

27.5 0 . 7 4 4 . 2 7 1 )  0.16 . 0 .39&0.09 3 1  

27.5 0.59*0.212) 0.09 ‘0.344to.104) 

The depress ive  e f f e c t  of r a d i a t i o n  on thymidine incorpora t ion  w a s  less pro- 

nounced on t h e  second day a f t e r  p a r t i a l  hepatectomy and one hour a f t e r  i r r a d i a -  
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t i o n  (Table 3 and 4) than on the  second day a f t e r  p a r t i a l  hepatectomy and 16 

hours  a f t e r  i r r a d i a t i o n  (Table 1 and 2 ) .  However, t h e  d i f f e r e n c e  between thymi- 

d i n e  i n c o r p o r a t i o n  i n  i r r a d i a t e d  and n o n i r r a d i a t e d  animals  i n  t h e  one hour group 

w a s  s i g n i f i c a n t  both a t  3 and 7 Gy (Table 3) .  The s i g n i f i c a n c e  was s l i g h t l y  im- 

proved when t h e  r a t i o  between 3H-thymidine i n c o r p o r a t i o n  before  i r r a d i a t i o n  and 

t h e  "C-thymidine incorpora t ion  a f t e r  i r r a d i a t i o n  was c a l c u l a t e d  f o r  each 

animal (Table 3 ) .  

The temporary exc lus ion  of blood by s t a r c h  p a r t i c l e s  decreased thymidine in-  

c o r p o r a t i o n  i n t o  DNA as seen from analyses  1 .5  hours a f t e r  i n j e c t i o n  (Table 4 ) .  

The 14C-specific a c t i v i t y  of DNA decreased from 1.00 t o  0.70 o r  30% and t h e  

r a t i o  l 4 C I 3 H  i n  each animal from 0.94 t o  0.58 o r  39%. 

mi-  
la'' 

6 

8 

6 

9 

8 

9 

Table 4. Thymidine incorpora t ion  i n  l i v e r  DNA on t h e  second day a f t e r  p a r t i a l  
hepatectomy. S e r i e s  I V .  Immediate e f f e c t  of r a d i a t i o n  and/or  d i g e s t i b l e  
s t a r c h  p a r t i c l e s .  A l l  animals  had c a t h e t e r s  i n  t h e  gastroduodenal  
a r t e r y  and i l e o  c o l i c  v e i n  and were p r e l a b e l l e d  w i t h  3H-thymidine 
24 hours a f t e r  p a r t i a l  hepatectomy. 

DNA 

- M 2 SD 

1.00+0.36 

0.7020.31 

0.8020.82 

0.4020.21 

0.89?0.53 

0.31?0.22 

t a r c h  
a r t i c -  

- 
- 
3 

3 

7 

d i n e  

p a r t  .hep. 

26.5 

26.5 

25 26.5 

25 26.5 

25 26.5 

7 25 26.5 

Lilled 
irs a f t e r  
iar t . hep . 

27.5 

27.5 

27.5 

27.5 

27.5 

27.5 

lumber I14C-spec. 1 I 4 C l 3 H  i n  
)f l a c t i v i t y  i n  DNA 

M +  SD 

40 0.36?0.16 

89 0.45?0.14 

31 0.34?0.18 

% 

._ 

00 

61 

50 

38 

48 

36 

The decreas ing  e f f e c t  on thymidine incorpora t ion  a s  a r e s u l t  of temporary 

ischemia w a s  obvious a l s o  i n  i r r a d i a t e d  animals. The mean I4C-specif ic  a c t i v i t y  

dec l ined  from 0.80 t o  0.40, i . e .  an  e x t r a  40% a t  3 Gy and from 0.89 t o  0.31 o r  

an  e x t r a  58% a t  7 Gy r e s p e c t i v e l y  when s t a r c h  p a r t i c l e s  were present  dur ing  

i r r a d i a t i o n .  The corresponding I 4 C l 3 H  r a t i o s  dec l ined  from 0.47 t o  0.36 and 

from 0.45 t o  0.34 a t  3 and 7 Gy r e s p e c t i v e l y .  Thus, immediately a f t e r  i r r a d i a t i o n  

t h e  temporary ischemia a c t s  s y n e r g i s t i c a l l y  w i t h  t h e  i r r a d i a t i o n  i n  depress ing  

thymidine incorpora t ion .  The mean e f f e c t  of t h e  temporary ischemia caused by t h e  

s t a r c h  p a r t i c l e s  i n  non- i r rad ia ted  and i r r a d i a t e d  ra t s  was a 43% decrease  of 

thymidine incorpora t ion  (Table 4 ) .  

DISCUSS I O N  

The r e s u l t s  show no p r o t e c t i v e  a c t i o n  i n  terms of thymidine i n c o r p o r a t i o n  
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from temporary ischemia dur ing  t h e  f i r s t  hours  a f t e r  i r r a d i a t i o n .  On t h e  

c o n t r a r y ,  t h e  exc lus ion  of blood seemed t o  a c t  s y n e r g i s t i c a l l y  w i t h  t h e  rad ia-  

t i o n  i n  d i s t u r b i n g  c e l l u l a r  DNA s y n t h e s i s .  The d i s t u r b a n c e s  should,  however, 

be of oppos i te  c h a r a c t e r .  Radiat ion leads  t o  increased  amounts of DNA damaging 

oxygen f r e e  r a d i c a l s .  Blood exc lus ion  should lead  t o  a low oxygen t e n s i o n  and 

decreased amounts of f r e e  r a d i c a l s .  Both e f f e c t s  seem t o  push t h e  l i v e r  c e l l s  

out  of o r  de lay  t h e i r  en t rance  i n t o  the  S-phase. It has  been shown, however, 

t h a t  t h e  p r o t e c t i v e  a c t i o n  of blood exc lus ion  and low oxygen t e n s i o n  dur ing  

i r r a d i a t i o n  i s  q u i t e  ev ident  a t  l a te r  s t a g e s  of recovery (5 ,6) .  Thus, c e l l  

metabolism i s  n o t  permanently damaged and t h e  c e l l s  should r e t u r n  t o  the  c e l l  

c y c l e  and synthes ize  DNA. 

I n  t h e  present  experiment t h e  c e l l s  of t h e  24 hour r e g e n e r a t i n g  l i v e r s  w e r e  

probably r e t u r n i n g  t o  the  c e l l  cyc le  and t h e  S-phase a f t e r  be ing  i r r a d i a t e d  

dur ing  ischemia 16 hours  ear l ie r .  The s imilar  va lues  of DNA s p e c i f i c  a c t i v i t y  

i n  p r o t e c t e d  and non-protected animals i n d i c a t e d  t h a t  t h e  c e l l s  i n  p r o t e c t e d  

l i v e r s  had overcome t h e  a d d i t i o n a l  decrease  caused by t h e  temporar i ly  low oxygen 

t e n s i o n .  
3 P r e l a b e l l i n g  of DNA by H-thymidine and comparisons of 3H/14C-ratios i n  DNA 

was previous ly  shown t o  improve t h e  s i g n i f i c a n c e  of r e s u l t s  (11) .  The va lue  of 

double l a b e l l i n g  w a s  n o t  so clear i n  t h i s  s tudy .  The per iod  between i n j e c t i o n  

of 3H-thymidine and 14C-thymidine was r a t h e r  long ,  i . e .  2.5 hours and t h e  

i r r a d i a t i o n  i n  the  meantime makes handl ing of t h e  animals  necessary .  Both may 

i n f l u e n c e  thymidine i n c o r p o r a t i o n  i n t o  DNA. 

The observed decrease  of thymidine i n c o r p o r a t i o n  i n t o  DNA dur ing  a temporary 

t o t a l  block of l i v e r  blood supply has  impl ica t ions  i n  t h e  use of s t a r c h  p a r t i c -  

les  f o r  t h e  l o c a l  accumulation of drugs (13) .  Drugs t h a t  are energy dependent 

and have t o  b e  metabol ized t o  be e f f e c t i v e  r e q u i r e  unin te r rupted  blood f low.  

This  would n o t  be a problem when s t a r c h  p a r t i c l e s  are used t o  accumulate drugs 

w i t h  a f f i n i t y  t o  c e l l  membranes and delayed c e l l u l a r  uptake. 
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