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In spite of the fact that  cobalt does not belong to the group of elements which are 
essential to life, there is strong evidence that in trace concentration it plays an important 
role in cell metabolism, and cobalt deficiency is known to cause various plant and animal 
diseases. Like other mineral ions, such as zinc, it influences the activity of enzymes 
and vitamins; it is necessary to activate arginase and it is an essential part of the anti- 
pernicious anaemia Vitamin B1, (RIcKs et al.a). Like other cations, cobalt unites directly 
with peptides (GILBERT el al3), with amino acids (MICHAELIS 3, ]3URK el al.4a), and with 
purine bases (LIQUIER-MILWARDSa). Its great biological interest is suggested by its effect 
on the growth and respiration of various aerobic and anaerobic micro-organisms (CALVIN 
et al2, BORK et al. 4b, 4c), animal tissues and turnouts (HEARON et alY). 

Little is known, however, on the metabolism of cobalt and on its mode of fixation 
in mammalian tissues. Early investigations with radioactive isotopes of cobalt were 
concerned only with the uptake and distribution of this element in the organs of poly- 
cythemic rats (BERLIN s, COPP AND GREENBERG 9) and with the selective fixation in brain 
tumours of cobalt-labelled dyes as a means of detection (WEYMOUTH et al.X°). More 
recently, a study has been made of the uptake of 6°Co by normal and cancerous tissues 
(LIQVlER-MILWARD AND HEATHSb), and preliminary results on the gross distribution 
pattern in mice bearing an implanted leg sarcoma indicated a difference between the 
neoplasm and normal tissue. 

In the present work, this research has been extended to mice bearing different kinds 
of tumours, two sarcomata and one adeno-carcinoma. The localization of cobalt within 
the tumour cell and its nucleus has been studied by the radioautographic method, in 
order to investigate the possibility of internal irradiation with ~°Co. 

MATERIAL AND METHODS 

Animal tissue 
Three types  of t umour s  have been used: 
i. A t ransp lan ted  sarcoma,  in its 48th t ransplant ,  in the flank of a IF-s t ra in  mouse. This 

originally appeared to be a breast  adeno-carcinoma, bu t  during t ransplanta t ion  the histological 
character  became of the spindle-cell-sarcoma type. 

2. A leg sarcoma in Strong A-strain mice. 
3. A carcinoma of the breas t  in IF-s t ra in  mice. 
Animals  bearing turnouts  of op t i m um  size were selected and, in each of the various experiments ,  

two mice were t reated simultaneously.  As the margin between normal  requi rement  and toxicity is 
very  narrow, a material  of high specific act ivi ty was required;  this was prepared in the u ran ium 
pile of the Atomic Research Establ ishment ,  Harwell,  according to the nuclear reaction 59Co (n,~)e°Co, 
by  irradiation for six weeks of a th in  wire of cobalt.  A s tandard  a moun t  of cobalt,  in solution as 
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cobaltous chloride, was injected subcutaneously in the nape of the neck of the mice, the  dose being 
15o/zg per 20 g body weight, corresponding to about  35,ooo counts per minute, measured with 
a D.M. 6 liquid counter.  

The animals were killed 7 to 8 hours  after  injection and the tumours  were immediately removed 
and fixed in a mixture of absolute alcohol and glacial acetic acid. The tissues were prepared for 
sectioning following the usual method of embedding in paraffin and sectioned at  4 #. A Geiger-Mtiller 
counter was used to ascertain the presence of radioactivi ty in a number  of serial sections from each 
turnout  considered. The sections were not  stained before taking the radioautographs, as staining 
at  this  stage was found to interfere with  further  processing. 

Radioautographic technique 
Different procedures have been applied, including those of EVANS 11 and DONIACH AND PELC TM, 

bu t  the best results were obtained with the liquid emulsion method, coating the specimens with 
a thick layer of IlIord G5 nuclear emulsion. This technique allows an int imate and permanent  contact  
between the sections and the gel, and it  is especially suitable for the s tudy of the soft beta  radiat ion 
of s°Co (0. 3 Mev). Wi th  normal exposures, the  random photographic density of the developed grains 
is greater than  the one obtained with the th in  film stripping technique, and a sharper radioautograph 
is produced: on the other hand,  if the exposure has not  been too long, one can localize individual 
beta-ray tracks and, as the  spacings of the developed grains a t  the beginning of the  t racks is not 
too great, i t  is possible to trace back the pa th  of the particle to its origin. 

On account of the  great sensitivity of the nuclear gel employed, the background a t  ground level 
is of importance and special precautions were taken,  the exposures being carried out  a t  a depth  
of 600 metres, in a coal mine, with  heavy shielding of lead. This reduced the number  of electron 
tracks from 25 ° to 2.6 per mm 2 per day in a 2oo/* thick emulsion layer (FREMLIN AND WALTERS 13) 
and proved a great help as i t  made possible a precise localization of the radioactive element within 
the cells tbemselves, allowing investigations on isolated nuclei. 

Prior to coating, the paraffin wax was removed in xylol and the sections were taken through 
the usual succession of alcohol concentrations and thoroughly washed in water. I t  was found t h a t  
a certain degree of moisture was helpful in ensuring good adherence between tile photographic 
emulsion and the specimens. Fresh Ilford G5 gel, melted a t  55 ° C, was poured on the slides, which 
were dried at  room temperature  under  vacuum. Alternatively,  if i t  is desired to reduce tbe period 
between coating and sealing in a lead container, a blower can be used, great care being taken to 
eliminate dust  particles which, especially in the vicinity of a "ho t  laboratory",  often contain radio- 
active matter .  Photographs of the sections were taken before coating and only al ternate sections 
in a sequence were coated. 

After exposures varying from 22 to 41 days, the plates were developed by the normal technique 
employed for thick emulsions (DILWORTH 14 and  HERzl~), soaking the emulsion in an amidol developer 
for about  one hour  at  low temperature  (5 ° C) and gradually warming up the plates to 25 ° C. To 
allow recognition of the section structure under  the emulsion, the processed slides were stained 
with haematoxyl in .  

RESULTS 

All  t h e  t u m o u r  s ec t i ons  e x a m i n e d  g a v e  we l l -de f ined  r a d i o a u t o g r a p h s ,  as s een  in  

Fig .  I a n d  Fig .  2;  s e c t i o n s  f r o m  s a r c o m a t a  (I) a n d  (2), r e s p e c t i v e l y ,  a re  s h o w n  a t  low 

m a g n i f i c a t i o n ,  t o g e t h e r  w i t h  t h e  r a d i o a u t o g r a p h  o b t a i n e d  w i t h  t h e  a d j a c e n t  sec t ion .  

F ig .  3 shows ,  a t  h i g h  m a g n i f i c a t i o n ,  (a) t h e  b a c k g r o u n d  a t  a d i s t a n c e  f r o m  t h e  

sec t ions ,  (b) t h e  b a c k g r o u n d  n e a r  t h e  edge  of a sec t ion ,  a n d  (c) t h e  c o n t r a s t i n g  d e n s i t y  

of t h e  b e t a - r a y  t r a c k s  w h i c h  c o r r e s p o n d s  t o  a r e a s  of  h i g h  r a d i o a c t i v i t y  i n  t h e  s p e c i m e n s .  

P h o t o m i c r o g r a p h s  (a) a n d  (c) we re  t a k e n  b e f o r e  s t a i n i n g .  

E x a m i n a t i o n  of t h e  s t a i n e d  s ec t i ons  w i t h  t h e  r a d i o a u t o g r a p h i c  i m a g e  s u p e r i m p o s e d  
s h o w e d  t h a t  t h e  a r e a s  of m o s t  i n t e n s e  a c t i v i t y  c o r r e s p o n d  t o  t h e  p a r t s  of t h e  t u m o u r  

w h e r e  m a l i g n a n t  cel ls  a re  m o s t  dense .  A l t h o u g h  t h e  e m u l s i o n  l a y e r  is v e r y  t h i c k  (up  t o  

2 5 o - 3 o o / z )  a n d  t a k e s  u p  t h e  s t a i n ,  p h o t o m i c r o g r a p h s  were  r eco rded .  T h e  t w o  m i c r o -  
g r a p h s  in  Fig .  4 s h o w  a n  a r e a  of s a r c o m a  (2) w h i c h  h a s  a d e n s e  d i s t r i b u t i o n  of m a l i g n a n t  

cells ,  w i t h  t h e  c a m e r a  focus sed  i n  t u r n  on  t h e  t i s s u e  leve l  a n d  on  a l a y e r  in  t h e  e m u l s i o n  

s o m e  d i s t a n c e  a w a y .  H e a v y  r a d i o a c t i v i t y  is p r e s e n t .  T u m o u r s  w i t h  m o r e  a b u n d a n t  

c o n n e c t i v e  t i s s u e  s h o w e d  a c o n s i s t e n t l y  l ower  u p t a k e .  
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F ig .  3a .  B a c k g r o u n d  a t  a d i s t a n c e  f r o m  sec t i ons ,  8oo X ; b.  B a c k g r o u n d  n e a r  e d g e  of r a d i o a c t i v e  
s ec t i on ,  800 x ; c. D e n s i t y  of t r a c k s  c o r r e s p o n d i n g  to  d a r k e r  a r e a s  in  F igs .  I b  a n d  2b ,  80o X.  
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Fig.  4. S ta ined  sect ion from sa rcoma  (2), w i t h  dense d i s t r i bu t i on  of m a l i g n a n t  cells:  (a) Camera  
focussed on cell  level,  and  (b) Camera  focussed on emuls ion  l aye r  above  t issue,  8oo × .  
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Fig .  6a .  N u c l e i  e x t r a c t e d  f rom s a r c o m a  ( i )  a t  t h e  e n d  of s e p a r a t i o n  p r o c e s s  in  c i t r i c  ac id ,  3000 × ; 
b. N u c l e u s  e x t r a c t e d  f r o m  a d e n o - c a r c i n o m a  (3), 7 °oo  : - 

F ig .  7- R a d i o a u t o g r a p h ,  s m e a r  of nuc l e i  e m u l s i o n  c o r r e s p o n d i n g  to  Fig .  6a ,  4o0 X.  

-4-- 

Fig .  5 a.  R e g i o n  of s t a i n e d  s e c t i o n  f r o m  s a r c o m a  (2), c a m e r a  focussed  on  t i s s u e  leve l ,  15oo 7< ; b. Cor re -  
s p o n d i n g  r a d i o a u t o g r a p h ,  c a m e r a  f o c u s s e d  i m m e d i a t e l y  a b o v e  l e v e l  of f ibres .  O n l y  a f ew b e t a - r a y  

t r a c k s  a re  p r e s e n t ,  15oo × .  
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Fig. 8. Individual nucleus from sarcoma (2), at high magnification, showing electron tracks with 
origin against the surface of the nucleus, Iooo ×. 

The regions of the section which contain muscle fibres and reticular tissue, and 
where the cancerous cells are few, gave rise to only a small number  of tracks, as illus- 
t ra ted  in Fig. 5 (a and b). A few sharply defined dense spots were found to correspond 
to the sections of blood vessels and what  is left of their content  (Fig. io). 

Nuclei  

Cell nuclei were separated from neoplastic tissues, pooled from Io  mice in each 
experiment,  by  the method of DOUNCE TM, and washed repeatedly with o.5% aqueous 
citric acid solution. Observations with the electron microscope were made at each step 
of the separation to check the degree of cleanliness of the nuclei (Fig. 6, a and b). The 
emulsions of nuclei were assayed for radioact ivi ty in a Type D.M.6 liquid counter (2oth 
Century Electronics) between washings, and a progressive loss of act ivi ty to the succes- 
sive citric supernatants  was observed; cobalt  is either leached out or, if it is assumed 
tha t  the metal is fixed on to the nucleoprotein molecule, this corroborates previous 
evidence for the loss of protein from the nucleus during the process of isolation from 
aqueous media, already reported by  POLLISTER AND LEUCHTENBEI~GER 1~ and by  DOUNCE 
et al. TM. However,  after five or six washings and centrifugations, further t rea tment  
removed no significant amount  of cobalt.  The nuclei were dried and weighed and 
numerical results were as follows: 

Nuclei extracted from sarcoma (I) gave a count  of 12 cts/min per 200 rag, corre- 
sponding to a specific radioact ivi ty  of 60 cts/min/g of dry  weight. 
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Fig .  i o a .  B l o o d  vesse l ,  a n d  b. c o r r e s p o n d i n g  d e n s e  s p o t  in  r a d i o a u t o g r a p h ,  s a r c o m a  ( : ) ,  5o × 
c. B l o o d  ve s se l s  v i s i b l e  in  F ig .  2 a, a n d  d. c o r r e s p o n d i n g  t r a c k s  in  r a d i o a u t o g r a p h ,  6o × .  
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Nuclei  ex t r ac t ed  from adeno-carc inoma (3) showed a specific r ad ioac t i v i t y  of 
113 c t s /min /g  of d ry  weight.  

Rad ioau tog raphs  of smears  of the  nuclei  emulsions were ob ta ined  (Fig. 7) and  if 
the  r ad ioau tog raph  exposure  has not  been too long, the  smallness of the  background  
makes  i t  possible to follow the b e t a - r a y  t racks  easily,  to  measure  the i r  length  which 
corresponds to  the  range expected  for the  soft r ad ia t ion  of 6°Co, and  to  t race  thei r  origin 
to the  surface of the  nuclei.  Photomicrographs ,  focussed on a level in the  emulsion as 
near  as possible to  the  nuclei, record (Figs. 8 and  9) a few be ta -par t ic le  t r acks  emana t ing  
from the  nucleus.  

CONCLUSION 

I t  can  thus  be concluded from this  r ad ioau tograph ic  s t u d y  tha t ,  following sub- 
cutaneous  inject ion of e°Co, the  ma l ignan t  cells and  the i r  nuclei  show a high up t ake  of 
r ad i oa c t i v i t y  c o m p a r e d  wi th  the  no rma l  t issue elements .  

I t  is in t ended  to  ex tend  these observat ions  to  longer per iods  of i r rad ia t ion ,  giving 
to the  animals  smal l  successive doses of cobal t ,  wi th in  the  l imi t  of tolerance,  in order 
to s t u d y  the  effect of in te rna l  i r r ad ia t ion  on the ma l ignan t  cells. 

To ascer ta in  if the  f ixat ion of the  t race  meta l  b y  the  cancer  t issue is connected 
wi th  the  mere process of mitosis  and  fo rmat ion  of new nucleoprote in ,  or if i t  is re la ted  
to ma l ignancy  proper ,  a s imi lar  inves t iga t ion  is in progress  on the  u p t a k e  of cobal t  b y  
growing roots  of Al l ium  cepa and b y  var ious  organisms growing in a med ium conta ining 
rad ioac t ive  cobal t .  
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SUMMARY 

The localization of radioactive ~°Co within tumour cells has been investigated by the track- 
radioautographic method. Sections from three kinds of tumours, two sarcomata and one adeuo- 
carcinoma, have all given well defined radioautographs. The regions of higher density of cancerous 
cells show the higher uptake of cobalt, and the muscle fibres give rise only to a small number of beta- 
ray tracks. The presence of radioactivity within the cell nuclei themselves has been demonstrated. 

RI~SUMt~ 

L'absorption et la localisatiou du s°Co dans les cellules de tissus n6oplastiques (sarcoma et 
ad6no-carcinoma) ont @t6 @tudi@es par radioautographie, en faisant usage d'une 6paisse couche d'une 
6mulsion sensible aux 61ectrons. Les r6gions des tumeurs oth les cellules canc6reuses sent nombreuses 
donnent naissance ~ un grand hombre de traces, les fibres musculaires moutrant au contraire une 
faible radioactivit6. Les noyaux cellulaires ont 6t6 isolds et la prdsence du Cobalt 6o dans ces noyaux 
a @t6 d6moutr@e. 
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Z U S A M M E N F A S S U N G  

Die Loka l i s i e rung  des  r ad io -ak t iven  6°Co i nne rha l b  y o n  Tumorze l l en  i s t  mi t t e l s  der  B a h n r a d i o -  
a u t o g r a p h i s c h e r  Methode  u n t e r s u c h t  worden .  Schn i t t e  yon  drei Ar t en  yon  T u m o r e n ,  zwei S a r c o m a t a  
u n d  ein  A d e n o - K a r z i n o m  l iefer ten alle wohlausgebi ldo te  R a d i o a u t o g r a p h i e n .  Die Gebiete  wo die  
Krebsze l len  amhi~uf igs ten  sind,  zeigen h6here  K o b a l t a u f n a h m e ;  die Muske l fase rn  e rzeugen  n u r  e ine 
kle ine  A n z a h l  y o n  S t r a h l e n b a h n e n .  Die G e g e n w a r t  yon  r a d i o a k t i v e m  K o b a l t  60 in den  Zel lkernen 
se lbs t  w u r d e  bewiesen.  
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