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1NTRODU('TION 

The oxidative phosphorylation of mitochondria isolated from some of the radiosensi- 
tive tissues is decrea~sed within a few hours after total body X-irradiation a. This radia- 
tion effect has been demonstrated in spleen mitochondria from rats and mice as well 
as in rat thymus mitochondria ~. These findings do not necessarily imply that irradia- 
tion causes a disturbance of the oxidative phosphorylations in vivo. It is conceivable 
that mitochondria isolated from irradiated animals might be more seriously affected 
by the rather complicated isolation technique than those from untreated controls. 
The experiments reported here were designed to assess the effect of total body irradia- 
tion on the rate of phosphorylation in vivo. 

At the present time no satisfactory methods are known for determining the turn- 
over rate of the labile phosphate groups of adenosinetriphosphate (ATP) and adeno- 
sinediphosphate (ADP) in living tissues. The main difficulty is the technical impos- 
sibility of separating the intracelhllar from the extracellular inorganic phosphate, 
which prohibits the calculation of the specific activity (s.a.) for the intracellular in- 
organic phosphate s. However to compute the turnover rate invoh, ed, the s.a. of the 
intracellular inorganic phosphate should be known, as this phosphate is assumed to 
be the pre precursor of the labile phosphate groups produced during oxidative phos- 
phorylation. An additional obstacle to straightfi)rward turnover studies is the pre- 
sumable existence of an unknown number of individual t)hosphate spaces (compart- 
ments) inside the cell. However, the rate of incorporation of parentcrally administered 
radioactive inorganic phosphate into ATP and ADP of tissues was considered as 
supplying a reasonable approximation of the rate of oxidative phosphorylation in vivo. 

So far, information of this kind with regard to irradiated animals is scarce. 
SHERMAN AND FORSSBERG 4 reported an increased specific activity of the acid-labile 
phosphate groups of ATP in the liw~.r and a decrease of this value in skeletal muscle 
of mice immediately after total body irradiation. The significance of these findings is 
not evident. The ATP content of the spleen was found to be decrea.sed 2 4 hours after 
total body irradiation in a few animal species '~. Probably this change reflects the al- 
tered cellular composition of the tissue, since the X-ray doses employed cause a severe 
depletion of the lymphoid elements of the spleen. 

METHODS 
Animals 
Young  a d u l t  male  a lbino rats,  weighing be tween 13o and 3o0 g rams  were paired accord ing  to body 
weight .  One of each pair  was i r rad ia ted ,  the o ther  was  used as a control .  All procedures,  e x c e p t i n g  
the  i r rad ia t ion ,  were carr ied out s imu l t aneous ly  on tile e xpe r i men t a l  an ima l  and  its control .  

Re~crevices p. 492. 
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Labeling 
4 hours  after the irradiation the ra t s  were anesthetized with ether  and 0. 5 ml of a o. i % neutralized 
Na~HPO 4 solution, which contained ioo/~c Na2HszPO4, was injected into the tail vein. An over- 
dose of Nembuta l  (35-5 ° rag) was administered intraperitoneally 3 minutes  before the end of the 
labeling period. The excised tissues were dropped into liquid air. One spleen or the combined 
t h y m u s  tissue of 3 ra ts  was  used for each analysis. 

Irradiation 
The rats  were irradiated in a circular perspex cage under conditions of m a x i m u m  backscatter.  The 
physical cons tants  of the  radiation were: zoo kV, 2o mA, total  filtration: 1. 5 m m  Cu, H.V.L.:  
1.8 mm Cu, dose rate  45 r .p.m.;  the total-body dose was 7oo r in all cases. 

Chemical analysis 
In  principle the  method consists of a separat ion of the labeled nucleotides from the inorganic and 
other  phosphates  of the acid-soluble fraction, followed by a fractionation of the adenosinephos- 
phates  by ion exchange. The specific activity of adenosinemonophosphate  (AMP), A D P  and ATP 
was est imated in the corresponding eluate fractions. 

The frozen tissues were weighed quickly and homogenized in 2o ml of an ice-cold o. 5 N 
perchloric acid solution. The suspension was kept for at  least 3o rain in the  cold, after which the 
precipitate was centrifuged off and discarded. The superna tan t  fluid (acid-soluble fraction) was 
neutralized with 3 N K O H  and stored overnight  at  I -2  ° C. After the potass ium perchlorate pre- 
cipitate had been removed by centrifugation, the solution was passed through a small charcoal 
column (o.6 cm × 3 cmJ) - The columns were prepared f rom Carboraffine C (Bayer) which had 
been stirred in xN HCI, packed into columns and washed with distilled water  before use. The 
solution was passed th rough  the column by slight suction at  a rate of 1-2 ml/min;  af terwards 
distilled water  was washed through the column until the radioactivity of the outflow became neg- 
ligible. The fluids tha t  passed the column were collected and treated with an excess of magnesium 
reagent to precipitate the inorganic phosphate  e. The mixture  was kept  for x 2-24 hours  in the cold ; 
the ensuing precipitate was collected by centrifugation, washed with 2 ½ %  NH4OH and dissolved 
in 1 N HC1. This solution was  analysed for phosphate  7 and for radioactivity.  In  control exper iments  
the inorganic phospha te  fraction was subjected to the  extract ion procedure described by ENNOR 
AND STOCKE~ s. In  every case more  than  97% of the radioactivity was recovered in the isobutanol 
layer. 

The nucleotides were eluted from the charcoal with 2o% aqueous pyridine. This resulted in 
the removal of 85% of the absorbed radioactivity (mean of 18 determinations).  The nueleotides 
were separated by  the method of COHN A~'D CARTER0; instead of Dowex-r  we used Amberlite 
I .R.A.-4oo-5o mesh. 

Small columns (2. 5 cm × o.3 cm z) of the HCl-treated resin were washed wi th  distilled water  
until the eluate was  free of chloride ions. The pyridine solution containing the nucleotides was 
diluted with 4 volumes of distilled water  and passed through the resin. The pyridine was washed 
carefully from the column with distilled water  until the density of the eluate remained less than  
o.o50 at 26o m/,  (Beckman Spectrophotometer ,  model DU, l ightpath r cm). Then elution was 
carried out  with the solutions described by COHN AND CARTEK * at  a rate of 1.5 ml/'minute. 2o ml 
fractions were collected and measured against  appropr ia te  blanks at  260 m/t. A molar extinction 
coefficient of 14.2. Io s was used to calculate the concentrat ion of the adenosine phosphates  in the 
fractions l°. Radioactivity was measured in a Veall type fluid counter.  In  the ADP and ATP 
fractions a close correlation between the optical density (26o m/t) and the radioactivity was ob- 
served (Fig. i). 

In  a number  of exper iments  the pur i ty  of the ADP and ATP fractions has been est imated 
The acid-soluble fraction contains a number  of other  nucleotides besides the adenosinephosphates,  
bu t  the available data  indicate tha t  the latter are by far the most  abundan t  in animal tissues II. 
Using the method of EN.~OR AND STOCKEr~ s on representat ive ADP and ATP fractions before and 
after acid hydrolysis, more than  9o°'/o of the radioactivity was always found to be associated with 
the acid-labile phospha te  groups. A very small am oun t  of inorganic phosphate  (less than  2 ½ %  
of the total number  of counts) was found, which probably resulted from some hydrolysis of ATP 
and ADP in the course of the fractionation and the extraction.  

The identity of the nucleotides was confirmed by paper  chromatography.  To remove the 
interfering inorganic salts the fractions were passed through charcoal columns. After washing with 
distilled water  the nucleotides were eluted with 2o% aqueous pyridine. The pyridine was removed 
by extract ion with chloroform. The resulting aqueous solution of nucleotides was concentrated 
at  a low tempera ture  and chromatographed on pape rlz. The spots  containing phosphate  groups 
were located with the method of H^NES Ar~n ISHERWOOD 13 and the position of the adenine groups 
was determined by ultraviolet contact  photography 14. Autoradiography was used to locate the 
radioactive phosphate ;  the active spots were cut  out  and counted with an end window G.M. tube. 

Re/erences p. 492. 
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Fig. i. Elution pattern of the nuclentides of rat spleen. Resin: Amberlite I.R.A.-4oo. Flution 
fluids: I: o.I N N I I 4 O H - o . o t  3I NH4CI (adenosine). II: o.or M NHiCl(adenine). I I I . :o .oo  3 N 
HCI (AMP). IX': o.oI N H('I -- o.o- M NaCI (ADP). V: o.ot N HCI - o.- M NaC1 (ATP). VI: x N 
It('1 (unknown compounds), l)rawn line: radioactivity; broken line: extinction at 26o mp; fraction 

vohlme: 20 ml. 

The results showed that the nlajor part of the radioactivity in fractions IV and V (Fig. r) could he 
accounted for by A l)l '  and ATP respectively. 65-8o% of the total number of counts on the paper 
chronmtograms was associated with the appropriate nuclcotide spots. Taking into account that 
some hydrolysis of . \TP and ADP had probably occurred during the desalting and the chromato- 
graphy, the purity of the ion exchange fractions was considered to meet the requirements of our 
study. 

('.\I.(;UI..\TIONS 

The s.a. has been expressed as the number of counts per /emole. In the case of the nucleotides 
this value represents the mean of the tirst four 2o ml samples of the fraction, tubes showing an 
extinction of less than o.o85 have been omitted. The relative specific activity (r.s.a.) of the nucleo- 
tide represents the quotient of the s.a. of ADP or ATP and the s.a. of the inorganic phosphate from 
the same tissue sample. 

RISUI.TS 

The  r a t e  of i n c o r p o r a t i o n  of inorgan ic  p h o s p h a t e  in to  A D P  a n d  A T P  of t h y m u s  a n d  

sp leen  is s h o w n  in Tab le  I a n d  Figs .  2 a n d  3. I t  will be seen t h a t  l abe l ing  of t he  A T P  

a n d  the  A D P  f r ac t ions  occurs  v e r y  rap id ly ,  espec ia l ly  in t h e  case  of t he  t h y m u s .  

There fo re ,  sho r t  i n t e r v a l s  b e t w e e n  the  in j ec t ion  of t he  r a d i o a c t i v e  p h o s p h a t e  a n d  the  

s a m p l i n g  of  t he  t i s sues  h a v e  been  chosen  in s t u d y i n g  the  effects  of i r r ad ia t ion .  

Tab le  I I  s u m m a r i z e s  t he  effect  of t o t a l  b o d y  i r r a d i a t i o n  on the  r a t e  of p h o s p h o r y l -  

a t ion  in ra t  sp leen.  T h e  d i f fe rences  b e t w e e n  the  pa i r ed  o b s e r v a t i o n s  were  used  to  cal-  

cu la te  t h e  s igni f icance  ot t he  r a d i a t i o n  effects .  In  th is  case the  t t e s t  of S t u d e n t  could  

be used  TM. A h igh ly  s igni f icant  dec rease  of t he  s.a.  of A D P  a n d  A T P  as well as of t he  

r .s .a,  of A T P  was  f o u n d  in t he  i r r a d i a t e d  ra ts .  Tile s.a. of t he  ino rgan ic  p h o s p h a t e  

was  s ign i f ican t ly  d e c r e a s e d  in t he  i r r a d i a t e d  g roup .  H o w e v e r ,  th i s  decrease  does  no t  

a ccoun t  for t he  dec rea sed  s.a. of A D P  a n d  ATP,  as m a y  be seen f r o m  the  r.s.a,  values.  

Re#fences p. 492. 
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TABLE [ 

L A B E L I N G  O F  V A R I O U S  p H O S P H A T E  G R O U P S  O F  R A T  T H Y M U S  F O L L O W I N G  T H E  

I N T R A V E N O U S  I N J E C T I O N  O F  R A D I O A C T I V E  I N O R G A N I C  P H O S P H A T E  

Blood 
Time a!ter c/min.tml 
in~ection X 1o -4 

Relative specific * 
Specific aztivigy X 1o -t* aaiwity 

inorganic A D P A T P A D P A T P 
phosphate 

5 m i n  i33 lZI 65 138 0.59 1.24 
IO min 77 IOl 96 17o 0.95 1.68 
I 5 m i n  7 ° 98 IO7 192 1.o9 1.98 
20 min 85 124 126 261 1.o2 2.11 

Tissue values were obtained by the analysis of the pooled t h y m u s  of 3 or 4 rats. The 20 min 
values represent  the means  of 2 experiments.  The blood data  are means of measurements  on 
3 rats, except for the 2o min value (8 rats). 

* Defined in the text .  
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Fig. 2. Rate  of incorporation of inorganic phos- 
phate  into ADP and ATP of rat  thymus .  • Re- 
lative specific activity of ATP; O relative 
specific activity of ADP. Each value is the 
result  of an analysis of the pooled thymus  
tissue of 3 rats.  The 2o rain values represent 

means  of 2 determinations.  

Fig. 3. Rate  of incorporation of inorganic phos- 
phate  into ADP and ATP of ra t  spleen. • Re- 
lative specific activity of ATP; O relative 
specific act ivi ty of ADP. Number  of experi- 

ments :  IO min: I ;  20 rain: 3; 3 ° min: 2. 

TABLE II  

T H E  E F F E C T  OF T O T A L  B O D Y  I R R A D I A T I O N  ON THE;  R A T E  O F  L A B E L I N G  O F  V A R I O U S  P H O S P H A T E  

G R O U P S  I N  R A T  S P L E E N  

Specific a a i v g y  × zo  - t *  Relative specific ~ i v i t y "  

inorganic 
phosphate A D P  A T P  A D P  A T P  

Control 114 ~- 13 82 :.~ 7 I54 i 21 0.72 2_ 0.06 t.35 =t: o.12 
Irradiated 99 _+ 18 65 i 7 I 12 -- 18 o.66 ~ 0.06 1.13 -1- 0.08 
P of difference ~ 0.0 5 ~ o.ooi ~ o.ooi ~ 0.0 5 ~ o.ooi 

Values in the table represent means of io experiments  + the s tandard deviation. 

* Defined in the  text .  

R e / e r e n c e s  p .  492 .  
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The amount  of ATP and of ADP per gram of spleen tissue has been roughly 
assessed from the optical density at 26o m/~ of the ion exchange eluates. The mean 
values obtained in the irradiated and the control tissues did not differ. 

Because of the unequivocal results with spleen, only 4 experiments were per- 
formed with thymus.  The results (Table I I I )  show a similar trend as in the case of the 
spleen, except for the s.a. of the inorganic phosphate. A statistical analysis of the r.s.a. 
da ta  using "~VII.COXON'S test ~a, showed that  the r.s.a, of A'I'P was significantly lower 
in the irradiated group (1' .'-- o.o3). 

"I'A BI.E llI  

T I l E  E F F E C T  O F  T O T A L  13ODY I R R A D I A T I O N  ON T I l E  R A T E  Ob L A B E L I N G  O1. 

V A R I O U S  P H O S P t t A T E  G R O U P S  IN RAT T H Y M U S  

.~pecilic ac t i v i t y  • t .  ~° 

i m , r g a n u  .4 D I '  .4 T P 
p h o s p h ~ t c  

C,mtrol 120 73 t35 o.61 -h.'_ o.o4 
Irradiated I37 7I r 25 o.5" ! 0.03 

\.'alues in the table represent means of 4 experiments : the standard deviation. 
* Defined in the text. 

R d a t w e  speclic ac t i v i t y "  

A D P ..1 I ' P  

t.l 3 = o . o b  

o.92 • 0.08 

D I S C U S S I O N  

Tile results leave no doubt  that  the rate of incorporation of parenterally administered 
inorganic phosphate into the acid-labile phosphate groups of spleen and thymus  
adenosine phosphates is significantly decreased shortly after total body  irradiation. 
Obviously the interpretation of these findings should be made with great caution. The 
decrease of the s.a. of the acid-labile phosphate groups following irradiation may  be 
the result of a decrease of tile s.a. of the intracellular inorganic phosphate, supposing 
that  the latter is the immediate precursor. The finding that  the r.s.a, of ATP and 
ADP is also decreased does not rule out this possibility, because changes of the s.a. 
of the intracellular inorganic phosphate will probably not be proportionally reflected 
in the s.a. of the tissue inorganic phosphate. This masking effect can be expected to be 
more pronounced in the experiments with thymus;  the amount  of radioactive phos- 
pilate in the blood being relatively large at the time of analysis (5 min after the injec- 
tion of the label, see Table I). 

If the exchange of inorganic phosphate between the intra- and the extracellular 
compar tments  occurs by way of passive diffusion our results might indicate an in- 
hibition of this process after irradiation. However, the available radiobiological da ta  
are not consistent with such an explanation, on tile contrary ionizing radiation has been 
found to increase the permeability of the cell membrane for various substances 16,17. 

In case of the alternative mechanism of phosphate transfer, namely of a phosphor- 
ylation at the cell membrane, a decreased s.a. of the intracellular inorganic phosphate 
would in itself be the result of an inhibition of phosphotTlation. In fact the extremely 
rapid equilibration between tissue inorganic phosphate (which includes some highly 
labeled extracellular phosphate) and the acid-labile phosphate groups of ATP, as 
observed in thymus,  seems to be reconcilable with a mechanism of active phosphate 

transfer. 

Re/erences p. 492. 
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In view of these considerations our findings may best be interpreted as reflecting a 
decreased rate of phosphorylation in the spleen and the thymus of irradiated animals. 
I t  is realised that this phosphorylation may include oxidative as well as anaerobic 
phosphorylation. Since the latter process is known to be much less efficient, its contri- 
bution to the total phosphorylation is supposed to be relatively small. 
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SUMMARY 

The incorporation of a2p into ATP and ADP of spleen and t hymus  was measured short ly  after 
the int ravenous adminis trat ion of radioactive inorganic phosphate  to rats.  

4 hours  after total body X-irradiation with a dose of 7oo r, both  the specific activity and the 
relative specific activity of the ADP and ATP of the spleen were significantly decreased. Similar 
results were obtained with the thymus .  These changes may  result from an inhibition of the phos- 
phorylat ion in the irradiated tissues. 
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