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E.  Beutler ,  R. K. Blaisdell,  E .  Buttenwieser, and M. Yeh 

Although iron-deficiency anemia is one of the most  common d i so rders  seen in clini- 

. c a l  medicine, the symptoms have never been explained satisfactorily. It is usually thought 

that the fatigue, dyspnea, nervousness,  and headaches of these patients a r i s e  f rom the ane- 

mia  alone. This  belief is fortified by a frequently quoted statement by Hahn and Whipple in  
1 1936 that the t issue i ron  enzymes were  "inviolate," even when the body's need for i ron 

was very  great .  

A considerable number of clinical observations do not support the concept that the 

symptoms of i ron  deficiency a r i s e  f rom the anemia alone. The 'sever i ty  of symptoms ap- 
2 p e a r s  to bear  little relat ionship to the severi ty of the anemia.  In 1908, Sahli repor ted  

that some women with subjective symptoms of iron-deficiency anemia had hemoglobin val- 

ues  of 88 to 94 per cent. These symptoms disappeared on administration of iron,  just a s  

did those of subjects with severe  iron-deficiency anemia with the same  symptoms. A slight 

r i s e  in the hemoglobin concentration of the blood was observed, s o  that even though the 

original  hemoglobin value was in the normal range,  i t  was no't normal  for that patient. 

Thirty y e a r s  la ter .  ~ a l d e n s t r d r n ~  described severa l  patients in whom epithelial signs and ' 

symptoms typical of iron deficiency appeared in non-anemic patients. These disappeared 
4 when i ron  therapy was instituted. More recently,  Jas inski  and Roth have reported marked 

success  in the. t reatment with i ron of non-anemic women complaining of fatigue, headache, 

dizziness,  and palpitation. It has  been observed frequently that iron-deficient patients char-  

acterist ically show symptomatic improvement within a few days of the initiation of iron 

therapy.5-7 Yet no r i s e  in  the hemoglobin level has  occurred by that time. Fur thermore ,  

the anemia of iron-deficient patients does not account for the changes in the fingernails 

* 
This paper summar izes  the contents of the following publications: 

Iron Enzymes in Iron Deficiency. I. Cytochrome C. Am. J. Med. Sci., 234(5): 517-27 (NO- 
vember) ,  1957.. 

Iron Enzymes in  Iron Deficiency. 11. Catalase in Human Erythrocytes.  J .  Clin. Invest.. 
37(6):833-35 (June), 1958. 

Iron Enzymes in  Iron Deficiency. 111. Catalase in Rat Red Cel ls  and Liver with Some F u r -  
ther Observations on Cytochrome C ,  J. Lab. Clin. Med., 52(5):694-99 (November), 
1958. 

Iron Enzymes in  Iron Deficiency. IV. Cytochrome Oxidase in Rat Kidney and Heart. Acta 
Haemat. (In press . )  

I ron Enzymes in Iron Deficiency. V. Succinic Dehydrogenase in Rat Liver,  Kidney and 
Heart. (Submitted to Blood.) 

Iron Enzymes in Iron Deficiency. VI. Aconitase Activity of Rat Tissue  and Citrate Metab- 
o l ism in Man. (In preparation.) 



and esophagus that have frequently been described in this  d isorder .  

Our clinical observations have in  general  been in harmony with the published r e p o r t s  

of the ea r l i e r  obse rvers  cited above. These observations do not fit well with the concept 

that hemoglobin is the only functionally important iron compound affected in  iron deficien- 

cy. Rather ,  they a r e  bes t  explained a s  representing the resu l t s  of t i ssue  i ron  enzyme 

changes occurring in iron-deficient subjects. 

F o r  this reason,  we have re-examined the s ta te  of some of the i ron enzymes in  i ron 

deficiency. In reviewing the evidence supporting the widely asser t ion of Hahn 
1 and Whipple that i ron enzymes were  unaffected by i ron deficiency, we found that no i ron 

enzymes had been measured by these investigators. Rather,  their  conclusions were based 

on the i ron  content of the ashed t i ssues  of a single perfused dog. Since thc amount ol' i ron 

contr ib i~tad by some of the ve ry  important i ron enzymes is exceedingly minute, no valid 

conclusion about enzyme i ron  may be reached by this  technique. F o r  example, the cyto- 

chrome c iron in  a g r a m  of muscle is equivalent to the i ron  contained in .006 m l  of blood. 

Apparently the ea r l i e r  qualitative spectroscopic observations of Cohn and Elvejhem, 12 

suggesting that there  might be a dec rease  in cytochrome c of the t i s sues  of iron-deficient 

r a t s ,  had been a l l  but forgotten. 

In the current  investigations, i ron  deficiency has  been produced in r a t s  and the activ- 

i ty of a number of iron enzymes has  been quantitated. A limited number of studies have 

been ca r r i ed  out on the erythrocytes and leucocytes of human subjects,  and the metabo- 

l i s m  of exogenously-administered c i t ra te  has  been studied. 

MATERIALS AND METHODS 

Experimental  animals:  Holtzman o r  Sprague-Dawley r a t s  were  used throughout these 

investigations. In some experiments,  male  animals  were  used; in  others,  females. Three-  

week-old r a t s  were  given a diet consisting of 96 pa r t s  of dr ied  whole milk powder, and 4 

p a r t s  of a Jones and Fos te r  sa l t  mix without iron sulfate. Vitamins were  added to the diet 

to give, per kg: thiamine HC1, 10 mg; riboflavin, 20 mg; pyridoxine, 10 mg; Calcium Pan- 

tothenate, 30 mg; nicotinic acid,  30 mg; 2-methyl-1-4 naphthoquinune, 20 mg; choline chlo- 

r ide ,  1.5 g; and oleum percomorphum, 0.15 ml.  Control animals were  given a n  identical 

diet  to which fe r rous  sulfate had been added, o r  were  given a n  identical diet but were in- 

jected with 25 m g  of i ron  a s  iron-dextran (Imferon) in 2 divided doses.  No difference was 

apparent  in these 2 types of controls,  and they a r e  a l l  designated "control ra ts ."  At appro- 

priate intervals,  animals  were  anesthetized with ether and exsanguinated by hear t  punc- 

ture.  Organs were  removed and placed in  chilled vesse l s  for enzyme assay.  With the ex- 

ception of catalase assays ,  which were  ca r r i ed  out on frozen t i ssues ,  enzyme assay  was 

initiated immediately af ter  the animals  were  sacrificed. 

Hematologic studies: Determinations of hemoglobin, hematocri t ,  and r e d  blood val- 

u e s  were  made using standard hematologic techniques. P lasma  i ron  determinations were  

c a r r i e d  out according to  the method of Barkan and Walker. 13 ' 



Enzymes assays:  

Cytochrome c-Cytochrome c was determined spectrophotometrically by a modi- 

fication of the method of Potter  and ~ u ~ 0 i s . l ~  Cytochrome c is extracted f rom tissue with 

trichlorac,etic acid a t  a pH of 3.5. After purification and concentration, the difference be- 

tween the optical densit ies of the oxidized and enzymatically-reduced enzyme a r e  meas -  

ured. It was not possible to achieve satisfactory recover ies  of added cytochrome c with 

the method a s  originally described.  Improved recover ies  were  achieved, however, by c a r -  

ry ing out the ent i re  extraction and concentration procedures in  the cold and by re-extract -  

ing with tr ichloracetic acid the precipitate produced a t  pH 7 in the purification process.  

Results  a r e  repor ted  a s  pM of cytochrome c ,  based on the known molar  extinction 

coefficients of cytochrome c. 

Catalase-Catalase activity was determined by permanganate t i t rat ion of residual  

peroxide.15 Kat F units a r e  used a s  described by Von Euler ,  but a r e  based on t i ssue  wet 

weight. . . 

Succinic d e h y d r o ~ e n a s e  (SDH)-Succinic dehydrogenase activity was determined 

by measur ing manometrically the consumption of oxygen by a t i ssue  homogenate with suc-. 

cinate supplied a s  substrate.16 Results  a r e  expressed a s  Qo2  ( p l  O2 consumed/g d ry  . . 

weight of tissue.). 

Cytochrome oxidase-Cytochrome oxidase activity was  measured spectrophoto- 

metrically by observing the dec rease  of the optical density a t  550 m p  of a solution of r e -  
17 

duced cytochrome c when t issue ext ract  was added. The method, a s  described originally, 

gave somewhat unsatisfactory resu l t s  because of a change in the reactivity of the reduced 

cytochrome c subst ra te  during the f i r s t  few hours  after  i t s  reduction with sodium hydro- 
I' . 

sulfite. This difficulty was overcome by readjusting the pH to 7.4 with sodium hydroxide 

af ter  the reduction of cytochrome c and by storing subst ra te  for 12 hours  in the cold room 

pr ior  to i t s  use. 

In o r d e r  to a s s a y  the cytochrome oxidase content of white blood cel ls ,  the bulk of 

r e d  cel ls  were  removed by sedimentation a t  4 ' ~  with fibrinogen. The supernatant plasma, 

containing the white ce l l s  was centrifuged, and the plasma was discarded.  The sedimented 

white ce l ls  were  disintegrated sonically in  a Raytheon,' 9-kilowatt sonic oscil lator,  then 

t ransferred to a 1 -ml  volumetric flask. Duplicate 0.1- and 0.2-ml aliquots were  assayed 

for enzymatic activity. When assaying white blood cel ls  [or. cytochrorne oxidase, a blank 

determination to cor rec t  for the color of the  hemoglobin included in the white ce l l  suspen- 

sion was necessary .  However, r e d  ce l ls  were found to contribute no enzymatic activity. 

Activity units a r e  given a s  log A O.D./min for  1:100 t issue dilution in the c a s e  of r a t  t is-  

sues.  F o r  human leucocytes, activity is expressed a s  A 0 . ~ . / m i n / 1 0 ~ ~  WBC. 

Aconitase-Aconitase activity was measured by determining the amount of c i t ra te  

produced when t issue homogenate was incubated with neutralized .Ol-molar cis-aconitic 

acid in  .20-molar phosphate buffer, pH 7.40, a t  3 7 ' ~ .  After 15 minutes, the reactioh'was 

stopped. In the c a s e  of kidney, l iver ,  and hear t  homogenates, this  was done by adding 1 m l  

of the reaction mixture to 1 m l  of 50 per cent H2S04. In the case  of b ra in  homogenate, 5 



m l  of 20 per cent trichloracetic acid was added directly to the reaction mixture and fil- 

trate was assayed for citric acid. The other homogenates were assayed for citrate direct- 

ly after their addition to H2S04. One unit of aconitase activity is defined a s  the amount 

that will produce moles of citratelminute in the 5-ml reaction mixture under the con- 

ditions described. Enzymatic activity was always measured at 2 tissue concentrations, one 

grcater than 1 unit, one less  than 1 unit. An approximate linear relationship was observed 

between quantity of tissue added and citrate produced (Figure 1). Citrate determinations 

were carried out by the pentabromacetone method described by Beutler and Yeh. 18 

t---. 1:100 Kidney homogenote - 1:  100 Liver homogenole 

x-x 1:100 Heort homogenote - 1:10 Brain homogenute 

1 1 I I I 1 1 1 1 I 

M I L L I L I T E R S  OF H O M O G E N A T E  

Figure 1. The assay for aconitase-the relationship between volume of homog- 
enate and pM aconitate converted to citrate. 

EXPERIMENTAL 

Cytochrome c: The concentration and total amount of cytochrome c in the kidneys of 

iron-deficient and control r a t s  were determined at intervals. The average values, along 

with hemoglobin, hematocrit, red blood count, and plasma iron data a r e  presented in Fig- 

ure 2.  The standard e r r o r  of each mean i s  given. 

Iron deficiency has also been produced by repeatedly bleeding r a t s  fed an iron-poor, 

otherwise balanced diet (a modification of ~ i s s l e r l s ~ ~  4C diet). Control animals were 

bled in an identical fashion, but the diet was supplemented with iron sulfate. Under these 

conditions, it was possible to demonstrate marked cytochrome c depletion even when the 



slandord error) 

IRON DEFICIENT 

(meon f on. 
mlandord error) 
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Figure 2. Kidney cytochrome c and cytochrome oxidase in 
iron-deficient and control r a t s .  

hemoglobirl levels were  normal  o r  nearly normal (Figures  3 to 8). 

Cytochrome oxidase: The cytochrome oxidase activity of the kidneys of iron-deficient 

and control  r a t s  has  been measured.  The mean values obtained in one experiment a r e  a l so  

i l lustrated in Figure  2 ,  and further experimental r e su l t s  a r e  given in Figure 9. The differ- 

ence observed is somewhat smal ler  than was the case  with cytochrome c. There  was a l so  

considerable overlap of individual values obtained f rom iron-deficient and normal animals.  

The resu l t s  of determinations of cytochrome oxidase activity on white ce l ls  f rom nor-  

m a l  and iron-deficient human subjects a r e  shown in Figure 10. The average cytochrome 

oxidase activity of white ce l ls  f rom iron-deficient subjects was reduced but there  was con- 
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Figure 3 .  Concentration of 

nnn 0 -iron deficient diet cytochrome c in the liver of 
six bled r a t s  receiving nor- 
mal and iron-deficient diets. 
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Figure 4. Concentration of fS g - 

cytochromecin thekidneys  I$ 5 -  0 - Iron deficient diet 
of six bled r a t s  receiving 7x 
normal and iron-deficient 0 0 - 
diets. 

(EXPERIMENT 2)  

- normal diet Figure 5 .  Concentration of 
cytochrome c in the liver of 

0 Iron deficient diet six bled r a t s  receiving nor - 
ma1 and iron-deficient diets. 



(EXPERIMENT 2 )  
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Figure 7. Total liver cyto- I 40 - 
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Figure 10. Cytochrome oxidase ac- 
tivity in the white blood cells of nor- 
mal- and iron-deficient subjects. 

Figure 9. Kidney cytochrome oxi- 
dase in iron-deficient and cor~trol 
ra t s .  

- normol subject 

o - iron deficient subject 

meon, normol subject8 

4 0  

30 

2 0  

10 

0 

- 

% 

- 
! 
e 

- 0 meon, iron deficient subjects 
6 

0 
0 

0 

- 



siderable overlap of individual values. 

! Catalase:  No difference could be observed in the catalase activity of human r e d  cel ls  

f rom iron-deficient and normal  subjects,  a s  indicated in Figures  11 to 16. Data summar-  

ized in Figures  17 to 20 indicate no significant difference between catalase activity of r a t  

r e d  ce l ls  o r  r a t  liver f rom iron-deficient and control animals.  Marked hypoferremia was 

present  in the iron-deficient group, but body weight was normal.  

0 IRON DEFICIENT 

Figure  11. The relationship between 
the patient 's hemoglobin level and cat- 
a l a se  activity per mill i l i ter  of r e d  cel ls .  

PATIENT'S H E M O G ~ B I N  (Gma.90 

NORMAL 0 IRON DEFICIENCY 
ANEMIA 

loot  

Figure 12 .  Average catalase activity 
of r e d  cells  of normal and iron-defi- 
cient patients. 



0 IRON DEFICIENT 

Figure  13. The relat ionship between the 
patient 's hem0 lobin level and catalase 
activity per lOf0 RBC. 

PATIENT'S HEM0GU)BIN (Gms.%) 

NORMAL 0 IRON DEFICIENCY 
ANEMIA 

Figure  14. Average catalase activity,  
per  lo10 r e d  cel ls  of normal  and iron- 
deficient patients. 
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NORMAL 0 IRON DEFICIENCY 
ANEMIA 

Figure 16. Average catalase activity per 
g ram of hemoglobin of normal and iron- 
deficient patients. 
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Figure  17.  Red cel l  catalase activity 
per  mill i l i ter  of r e d  cel ls  in normal 
and iron-deficient r a t s .  
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Figure 1.8. Red cel l  catalase activity 
per 1010 RBC in normal and iron- 
deficient r a t s .  
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Figure  19. Red cel l  ca ta lase  activity Figure  20.. Liver catalase in  normal 
per  g r a m  of hemoglobin in normal and and iron-deficient r a t s .  
iron-deficient r a t s .  

Succinic dehydrogenase (SDH): Figures  21 to 23 show the average Qo2 (oxygen con- 

sumption/g t issue d ry  weight) obtained in the a s s a y s  of the l ivers ,  hear ts ,  and kidneys of 

iron-deficient and normal r a t s  for succinic dehydrogenase activity. It is evident that no 

consistent  difference in  activity of this  enzyme exis ts  between the l iver t issue of the two 

groups. However, when hear t  and kidney t issue were  assayed for SDH activity, a smal l ,  

but fair ly consistent reduction of SDH activity was noted. P lasma  i ron determinations 

showed a consistent dec rease  in  the iron-deficient group, but body weights were  the s a m e  

in iron-deficient and control  animals. 

Aconitase: Unlike .the four other enzymes studied, aconitase is not known to be a n  

iron-containing enzyme. It has  been demonstrated,  however, that the aging o r  dialysis  of 

solutions of this  enzyme r e s u l t s  in marked loss  of activity and that activity can be r e -  

s tored by the addition of i ron  and a reducing agent. Iron exer t s  a specific action in produc- 

ing reactivation of aconitase since other metall ic  ions will not produce the s a m e  effect. 2 0 

It appears  likely, therefore ,  that iron represen t s  some type of loosely-bound co-factor of 

aconitase which diffuses away f rom the enzyme in dilute solution. 2 1 

We have been able to confirm readily the observation that i ron react ivates  aconitase . . 
solutions. We found that mere ly  incubating dilute rat-kidney aconitase a t  37' for 1 hour 



CONTROL 

0 IRON DEFICIENT 

Figure 21. SDH activity of 
liver and hearts of iron-de- 
ficient and control. ra ts .  Du- 
ration of deficiency state: 
8 weeks. 

CONTROL 

0 IRON DEFICIENT 
I 

Figure 22. SDH activity of 
liver and kidneys of iron- 
deficient and control ra ts .  
Duration of deficiency state: 
4 weeks. 

was sufficient to inactivate 70 to 80 per ce'nt of the enzyme in this time. The addition of 

iron and ascorbic acid to give a final concentration of .003 molar of each was sufficient to 

produce almost complete reactivation of the enzyme within a short period'of time (Fig- 

ure 24). The effect of .005 molar concentrations of iron and ascorbate was more consist- 

ently effective. Neither iron alone nor ascorbate alone produced reactivation. 

The aconitase activity of liver, heart, brain, and kidneys of iron-deficient and control 

r a t s  i s  presented in Figures 25 to 28. It is apparent that normal or  nearly normal levels 

of aconitase activity were maintained in a l l  organs except the kidney in which there was a 

consistent decrease in aconitase activity. 

It appeared possible that the decreased aconitase activity in this organ might be due 

to "co-factor lack," if iron represented aconitase co-factor, a s  has been suggested by 

Dickman and ~ l o u t i e r . ~ '  An attempt, therefore, was made to reactivate the kidney aconi- 

tase of iron-deficient animals by the addition of iron and ascorbic acid in a final concen- 

tration of .003 molar. As indicated in Figure 29, no reactivation could be demonstrated. 

Normal kidney homogenate or normal kidney homogenate inactivated by boiling for 5 minL 

utes, heating to 60°c for 30 minutes, o r  to 3 7 ' ~  for 2 hours failed to reactivate iron-defi- 

cient kidney. 

Our studies of kidney aconitase activity have been extended to demonstrate also the 

effect of treatment on the aconitase content of the kidneys of iron-deficient animals. Iron- 

deficient animals were treated by intragastric injection of ferrous sulfate to give 1 mg of 
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1 I IRON DEFICIENT 

Figure 23. SDH activity of heart  and kid- 
neys of iron-deficient and control r a t s .  
Duration of deficiency state:  12 weeks. 

Fe SO. ond 
Ascorbic Acid 

TIME OF INCUBATION ( MINUTES) 

. . Figure 24. The reactivation of aconitase by ~ e + +  and 
ascorbic acid, each .003 M. 
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AOE OF RATS: 2 5  DAYS . 8 5 0  DAYS 49 DAYS 

DURATION OF IRON 
TREATMENT I 1 0  DAYS 2 8  DAYS 

O F  CONTROLS 

Figure  25. The aconitase activity of l ivers  of iron- 
deficient and control r a t s .  

e o o  1 
CONTROL ' 

0 IRON DEFICIENT 

5 s  DAYS 8 49 DAYS 

$ 
DURATION OF IRON 

TREATMENT 10 DAYS 8. ' h  . t a  DAYS 
OF CONTROL8 b 

Figure  2 6 .  The aconitase activity of hea r t s  of iron- 
deficient and control r a t s .  

i ron  daily, 5 days a week for 1 week; then 2  m g  daily for 5 days  a week for 6  additional 

weeks. The resu l t s  of this  experiment a r e  shown in Figure  30'. ~. 

In a second experiment,  2 mg  of F e  were  given daily, to the treatment group (Figure  

3 1 ) .  Both of these studies demonstrate that aconitase activity re turned toward normal  

when iron-deficient' animals were treated with iron. 



CONTROL 

0 I R o n  DEFI.CIENT 

AGE OF RATS: 30 DAYS 49 DAYS 

DURATION OF IRON 
DEFICIENCY 1 10 DAYS 26 DAYS 

Figure  27. The aconitase activity of bra ins  of iron- 
deficient and control  r a t s .  

Because aconitase is known to be intimately involved in intracellular  'citrate metab- 

o l ism,  studies were ca r r i ed  out to determine whether exogenously-administered c i t ra te  

was  metabolized differently by iron-deficient and by normal subjects. 

Six iron-deficient and three  control subjects have been studied after  the administra-  

tion of 130 mg of disodium hydrogen c i t ra te  per  kilogram body weight. P lasma  and urine 

c i t ra te  levels were  measured before ingestion of the loading dose and a t  subsequent inter-  

val's (Figure  32) .  In one mildly iron-deficient subject with high ur inary  c i t ra te  excretion, 
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Figure.28.  The aconitase activity of kidneys of iron- 
deficient and control r a t s .  
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Figure 29. The in vitro effect of Fe++ and as -  
corbic acid, each .003 M, on aconitase activity 
of the kidneys of iron-deficient and control ra ts .  
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Figure 30. The effect of intragastric 
treatment with 1 to 2 mg iron daily on 
the average blood hemoglobin levels 
and average aconitase content of kid- 
neys of iron-deficient rats.  
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Figure 31. The effect of intragastric treatment with 2 mg iron on 
the kidney aconitase activity of iron-deficient rats .  
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repeated measurements were made of six-hour urinary citrate excretion followirig stand- 

a rd  loading, both before and after iron therapy (Figure 33) .  No consistent abnormality of 

metabolism of exogenously-administered citrate .could be demonstrated in these studies. 
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DISCUSSION 

It i s  apparent from the data presented that each iron enzyme must be considered in- 

dividually. Catalase, at least in the organs examined, appears resistant to depletion, even 

when the need for iron is great. Cytochrome c and cytochrome oxidase, on the other hand, 

a r e  reduced in concentration in iron-deficiency anemia in those organs studied. The r e -  

sults obtained with aconitase and succinic dehydrogenase demonstrate that not only must 

each enzyme be considered a s  an individual case, but also each organ. The decrease of 

cytochrome c and aconitase in kid,neys and SDH in kidneys and hearts of iron-deficient 

r a t s  was found to be statistically significant at  the . O 1  level; the decrease in kidney cyto- 

chrome oxidase was significant a t  the .05 level. 
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Figure 32. The effect of oral citrate loading and plas- 
ma citrate levels on urinary citrate excretion. 

The data presented do not permit us  to conclude that the symptoms of iron-deficiency 

anemia a r e  the result of a particular enzyme deficiency alone any more than one may jus- 

tifiably conclude that the symptoms of iron-deficiency anemia a r e  due to a decrease in 

hemoglobin alone. The results of these studies.clearly indicate, however, that the concen- 

tration of iron compounds other than hemoglobin a r e  affected in iron deficiency. The iron- 

deficiency state 'may therefore justifiably be regarded a s  a deficiency syndrome potential- 

ly capable of influencing function of tissues other than the blood. 

SUMMARY 

Clinical observations that suggest that iron-containing compounds other than hemo- 

globin may be affected in cases  of iron deficiency a r e  reviewed. 

Iron deficiency has been produced in ra t s  by means of an iron-poor diet consisting of 

milk with added vitamins and minerals. A consistent decrease in the cytochrome c content 
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Figure 33. The effect of iron therapy on 6-hour urinary citrate 
excretion after oral  citrate loading. Studies of one mildly iron- 
deficient subject. 

of the kidneys of iron-deficient ra t s  has been demonstrated. The cytochrome oxidase ac-  

tivity of kidneys of iron-deficient ra t s  has been found on the average to be less  than that 

of control ra ts .  However, there i s  considerable overlap of individual values. Similarly, 

the average cytochrome oxidase activity of white blood cells of iron-deficient subjects was 

only two-thirds normal. Again, there was considerable overlap of individual values. Iron 

deficiency was shown to produce no effect on the catalase content of r a t  red cells, r a t  liv- 

e r ,  or  human red cells. The succinic dehydrogenase activity of livers from iron-deficient 

animals did not differ significantly from that of control animals. However, a small but con- 

sistent decrease in succinic dehydrogenase activity of the kidneys and hearts of iron-defi- 

cient animals could be demonstrated. 

Dilute solutions of r a t  kidney aconitase rapidly lost activity upon incubation at 3 7 O ~ .  

Reactivation could be produced with Fe++ and ascorbic acid. Aconitase activity of liver, 

heart ,  and brain of iron-deficient animals did not differ significantly from that of control 

animals. However, a consistent decrease in aconitase activity could be demonstrated in 

the kidneys of iron-deficient animals. The activity of enzyme solutions prepared from iron- 

deficient r a t  kidney could not be restored to normal by the in vitro addition of Fe++ and 

ascorbic acid: a true deficiency of enzyme, rather than co-factor deficiency, appeared to 

be responsible. Intragastric treatment of iron-deficient animals with iron resulted in r e -  



t u rn  to normal  not only of hemoglobin values,  but a l s o  of kidney aconi tase  values. 

.The data presented  are in terpre ted  as indicating that  i n  the i ron-deficiency s t a t e ,  the 

i i s s u e  i r o n  enzymes  as wel l  as the blood hemoglobin level  d e s e r v e  considerat ion.  
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A STUDY O F  THE FATE AND PHAGOCYTIC PROPERTIES O F  

THE ANTIBODY-FORMING CELL O F  THE SPLEEN* 

BY 

C.  H. Gunderson 

The production of antibody in  the r a t  spleen, initiated by a single intravenous injec- 

.tion of antigen, appears  to involve four ce l l  types: macrophages, which ingest the anti- 

gen; a ce l l  type, perhaps the primitive re t icular  cell  which is stimulated to develop into 

the acute splenic tumor ce l l  ( r e fe r red  to hereon a s  the antibody-forming cel l )  that is 

pyroninophylic; and plasma and smal l  round cells ,  which may be descendants of the anti- 

body- forming cell. 

The purpose of the r e s e a r c h  described in this  text was ' to  observe the derivation, 

r o l e ,  and fate of the antibody-forming cel l  in the ra t .  

Sprague-Dawley male  albino r a t s ,  weighing between 150 and 350 g were  fed ad libitum 

Pur ina  chow. F o r  studies of spleen weight, a l l  of the antmals  used were  taken f rom the 

s a m e  shipment and were  of the s a m e  age and weight. Animals were  anesthetized with 

e ther  prior to sacrif ice,  which was done by severing the pulmonary a r t e r y  o r  opening the 

r ight  ventricle. If heart  blood was  to be collected, the chest  was opened just before sac r i -  

fice. Spleens were removed and weighed on a n  electromatic balance. Samples were  taken 

and placed in  ei ther Carnoy 's  solution for staining with methyl green pyronine o r  in  buff- 

e r e d  formalin for hematoxylin eosin azure  staining. Dry weight and hemoglobin values 

were  determined for the remainder  of the spleens f rom animals  used in two experiments. 

Typhoid "H" vaccine was prepared f rom bacilli  grown twenty-four hours on nutrient 

aga r  in large  Kolle flasks. The bacilli  were  killed in 0.4 per cent formalin, and the vac- 

cine was  checked for s ter i l i ty  and contaminating organisms before storage.  Carbon par-  

t ic les  were  prepared f rom India ink. F r e s h  r e d  blood cel ls  f rom sheep were  stored in 

Alsever ' s  solution. The day before injection, they were  washed three  t imes  in 0.87. per 

cent s t e r i l e  sal ine,  diluted to the proper concentration, and s tored overnight in  the ice box. 

Heat-killed Friedlander I s  type B (OD 180) vaccine was  prepared according to  a method 

used previously in this  laboratory. 

Blood was  withdrawn f rom the ta i l  vein while the r a t s  were  anesthetized. S m e a r s  and 

white blood counts were made ei ther f rom the free-flowing blood, o r ,  i f  antibody determi-  

nations were  to be made, f rom 1 cc  of blood collected in a test  tube containing 0.1 cc  of 

dr ied  heparin solution. During the course  of each experiment,  blood for white ce l l  counts 

and s m e a r s  was always collected a t  the same  t ime of day and in  the same  manner. Hemo- 

s t a s i s  was effected by means  of f e r rous  subsulfate solution. 
- * 

Based on a d isser ta t ion submitted to the Faculty of the Division of the Biological 
Sciences a s  one of the requirements  for the degree of Master  of Science. 



Por ta l  blood was  collected a lso  while the animals were  anesthetized. After the sam-  

ple of tai l  blood had been collected, the abdomen was opened and the mesenter ic  veins 

were  ligated below the junction with the splenic vein. The portal  vein was then ligated a t  

the porta hepatis. A polyethylene tube (OD .048) was cut diagonally and inserted into the 

bulging portal  vein. Blood for titration, s m e a r s ,  and white. blood counts was collected in 

heparinized test  tubes in  amounts of 1 to 2 cc.  

Crucibles  for determination of d r y  weight were  dr ied  a t  1 0 0 ~ ~  overnight before weigh- 

ing and s torage in a 'des iccator  over P 0 Samples of r a t  spleen were added and minced 
2 5' 

with Mayo scissors. '  Enough absolute ethyl alcohol was added to cover the minced spleens. . 

The crucibles  were  placed in a n  oven at  80°c for 24 hours,  then reweighed,.and the water 

loss  was computed. 

F o r  hemoglobin determination, samples  of spleen were weighed, 3 drops  of Saponin 

solution were  added, and the mixture was placed in  a n  electr ically-driven homogenizer. 

Ten cc  of 1 per cent NaHCO was added with intermittent homogenization. The mixture 
3 

was t ransferred to a centrifuge tube, allowed to stand for one hour, and spun in a n  Inter-  

national Clinical centrifuge for 20 minutes (about 2000 RPM,  angle head). The supernatant 
0 

was read  in a Coleman Junior Colorimeter,  using a 545 A filter. The curve of optical den- .. '.. 

s i ty  ve r sus  f i l ter  wave length for this  preparation was that produced by human blood. Val- . 1 

ues  obtained were compared with the "Hemoglobin Index" which is equal to the optical den- . . .:, 

s i ty  of 100 mg of tissue. Optical density x .7 is equal to the concentration of hemoglobin 

present  in 20 cu m m  of whole blood. Hemoglobin per 100 m g  of t i ssue  is, therefore,  equal ' ', 

.7 a.ms x Hemoglobin Index. . .. to .2 CC X ;, 

Bacil lary adherence studies were  done using a modification of methods previously :,.;.. 

described. S m e a r s  were  made with ei ther heparinized blood o r  blood taken directly from . <.:: 
" < .  

the tail. The s m e a r s  were covered with an  OD 580 suspension of formalinized typhoid 

bacil l i  and allowed to stand on water-soaked fi l ter  paper in large  P e t r i  d ishes  for 40 rnin- 

utes. Normal r a t  s e r u m  was allowed to flow drop by drop over the slide three  t imes.  After 

the third r inse ,  the s l ides  were  blotted d ry  on bibulous paper,  allowed to d r y  further in a i r  

s tained with Wright 's  stain, and examined under oil  immersion.  

Antibody determinations were  done using methods developed in this  laboratory. 

The standard deviation for spleen weight ranged between 8.6 and 13.7 per  cent of the 

mean spleen weight in control  groups f rom 5 experiments (Table 1). The r a t s  f rom which 

the spleens were  obtained varied between two and four months in age. Within each group 

there  was no apparent  correlat ion between average body and spleen weight. This  is fur-  

ther  demonstrated in a group of 17 control  animals  divided into five groups of three  r a t s  

and one group of two r a t s  each arranged in o rde r  of ascending body weight (Table 2). Be- 

cause  of this  lack of correlat ion,  spleen weights a r e  expressed in  mg ra the r  than a s  per-  

centages of total-body weight. 

Following a n  intravenous injection of bacilli ,  the spleen weight increase  ranged be- 

tween 160 and ,400 mg during the f i rs t  24 hours. The increase  during the ensuing 24 hours 

was much l e s s  marked although evident. Organ hypertrophy was greates t  a t  four days, but 



Table 1 

SPLEEN WEIGHTS - CONTROL ANIMALS 

the weight added between days 1 and 4 was equal to the weight gain of the f i r s t  day in on- 

ly  one experiment out of four. Between days 4 and 6 the spleen weight decreased incon- 

sistently. However, even by the 8th day this  decrease  did not reduce the weight of the ex- 

perimental  r a t s  to that of their  controls. In one experiment in which the animals  had r e -  

ceived 1 cc  of OD 180 vaccine intravenously, the spleens were enlarged 13 days af ter  in- 

jection. 

Injection of 1 cc  of OD 180 Fr iedlander ' s  Bacillus type B a lso  caused a n  increase  in  

spleen weight except that the change on day 4 was  g rea te r  both in mg and a s  a multiple of 

the weight gain of the f i r s t  24 hours. Weight increase  af ter  injection of 1 per cent sheep 

r e d  blood cel ls  was  inconsistent, but injection of 5 per cent sheep r e d  blood cel ls  caused 

changes that were s imi l iar  to those seen  af ter  the injection of typhoid and Fr iedlander ' s  

vaccine. except that there  was no gain during the f ir  s t  48 hours. Figure 1 summar izes  the 

r e s u l t s  of these observations. 

In o r d e r  to l ea rn  whether ea r ly  o r  day 4 weight gains could be explained on the bas is  

of increase  in  the in ter -  o r  intracellular  fluid, weighed samples  of spleens f rom three o r  

four r a t s  1, 2, 4, and 6 days af ter  injection of typhoid vaccine, 1 per cent sheep r e d  blood 

cel ls ,  o r  5 per cent sheep red  blood cel ls  were  dr ied  and the percentage of total weight 

Table 2 

Experiment 

~ o d ~  weight (g) 

Spleen weight (mg) 

Standard e r r o r  of mean of spleen 
weight (mg) 

Standard deviation of spleen weight 
(mg). 

Number of r a t s  per group 

SPLEEN WEIGHTS - EXPERIMENT I1 BY GROUPS O F  3 IN 

ORDER O F  ASCENDING WEIGHT 

I1 

287 

732 

15 

63 

18 

I 

241 

640 

2 2 

6 5 

9 

I11 

33 1 

668 

2 2 

7 5 

11 

Group 

Body weight 

Spleen weight 

IV 

26 4 

707 

3 0 

9 7 

10 

* 
Only 2 animals. 

A* 

232 

728 

V 

226 

7 14 

19 

6 1 

6 

B 

27 1 

7 24 

C 

289 

786 

F 

3 16 

677 

D 

296 

722 

E 

306 

789 
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represented by dry weight was computed. The results a re  summarized in FigUre 1, B and 

I C. There was no definite change in the ratio of dry weight to total weight at any period; the 

value remained constant at approximately 23 per cent. This may mean that al l  changes in 

organ weight a r e  reflections of increased non-volatile and volatile matter in similar pro- 

portion to that found in the normal spleen. . . . -  . 
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ing out of the organ in i ts  tense capsule following accumulation of protoplasm asiociated 
with antibody production. 

Within six hours after injection of the typhoid vaccine, changes were recognizable in 
the spleen. The marginal zone, which in the control was equal in width to the diameter of 

the germinal centers, was thinner, and the remainder of the red pulp was distinctly less  
cellular. In the germinal centers, the small lymphocytes that were a prominent feature in 
the control animals had for the most part disappeared, and the white pulp of the spleen was 

populated almost exclusively by faintly pyroninophylic cells that were in contact with the 
marginal zone. These changes were more pronounced at 12 hours and the germinal centers 

were larger and more deeply pyroninophylic (Figures 2 and 3). This enlargement of the fol- 
licles had progressed a t  20 hours. By this time, the marginal zone had begun to enlarge and 

the red pulp appeared to be slightly more cellular and in greater quantity. At 28 hours, the 
brilliant pyroninophylia of the white pulp had faded and many small lymphocytes were evi- 

dent. The marginal zone appeared almost normal in thickness. The white pulp, however, 
appeared more widely separated by red pulp which seemed to have increased T o r e  in vol- 
ume than in cellularity. At 33 hours the white pulp was reconstituted and germinal centers 

had begun to reappear (Figure 4). Fifty-six hours after injection, small dark cells appeared 

again a s  the predominant cell type of the white pulp (Figure 5). Not until after 4 days a re  

Figure 2. Rat spleen showing distribution of carbon particles 1 
hour after their intravenous injection. 
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Figure 5. White pulp of spleen 56 hours after intraveqous injection 
o f  mized txpbid vaacine and carbon particles showing reappearance 
of small, round ceLls in the germinal center. 

these structurerr eem-tca resembb tb.e normal (FQure- Gh. 

By the third day the large pyronixmphylic .or "antibody-forming" cells of the apleen 
were the predominant cell type in the red pulp (Figure 7). There were, however, islands 
of small dark cells with scant cytoplasm resembling small lymphocytes scattered through- 
out the red pulp. During; the next two days the nuclei of the antibody-producing cells became 
more pyknotic and the cytoplasm more deeply pyr,onillophylic. The antibody-producing cells 
became less numerous, the small dark cells became more common, but did not appear to 
accumulate in the now shrinking organ. On the eighth day there was an occasional plasma 
cell and a few emall round cells, but otherwise the red pulp very cbsely resembled that of 
the normal spleen (Figures 8- 10). The presence of these small round cells in the red pulp 
was the principal reason for searching for small round cells in portal and peripheral blood. 

In order to test the phagocytic properties of the antibody-forming cell, 1 cc of 1 per 
cent washed India ink was injected intravenously 30 minutes before sacrifice into the con- 
trol ra ts  and into ra ts  that had been immunized with 1 cc of OD 180 formalinized typhoid 
vaccine 2, 3, 4, or  6 days previously. Immediately after injection of the carbon particles 
the nose, eyes, feet, ears, and tails of each animal turned dark grey, but their normal col- 

or reappeared soon. In this respect there was no difference in clearance time between im- 
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munized and control animals. At autopsy the spleen, Liver, and bone marrow of all of these 
ra ts  were black, the lungs grey, and the abdominal lymphatics a very light grey. 

Microscopic sections revealed localization of the carbon in the KUpfer cells of the liv- 
e r  and in the red pulp of the spleen. About 80 per cent of carbon particles in the red pulp 

localized in the central area of the marginal zone and 20 per cent or so was scattered in 
small islets in the loose red pulp. There was no relationship between the developing anti- 

body-forming cells and carbon deposit in the macrophages. No phagocytosis could be rec- 

ognized on the part of the antibody-producing cells. Carbon-containing cells did not appear 

to be undergoing mitosis. 
In another study, a mixture of 0.5 cc of OD 180 formalinized typhoid bacilli and 0.5 

cc of 1 per cent carbon particles were injected into the rats. These animals, other animals 

injected with typhoid vaccine and carbon only, and noninjected ones were sacrificed at vari- 
ous intervals. Again, none of the antibody-producing cells appeared to contain carbon par- 

ticles at any time. The carbon, however, appeared to migrate a s  the germinal centers were 
changing. At 12 hours the distribution of carbon in the marginal zone was somewhat more 
dense than in the marginal zone of the controls. At 33 hours there was somewhat more car- 

, ' 

bon in the loose red pulp than in the marginal zone. By 3 days post-injection, about 80 per 
cent of the carbon was in the loose red pulp which was now filled with'antibody-forming 
cells. The carbon particles in macrophages were frequently but not always surrounded by 
nests of pyroninophilic cells. At 56 hours most of the carbon particles in the spleen of the 
control rats  were found in the red pulp a s  was the case itl the experimental animals (Fig- 
ures 2-7). 

Agglutinins to Salmonella typhosa usually appeared in the peripheral blood in suffi- 
cient amounts to be detected by the agglutinin test 3 days after immunization. Peak titers 
were reached on the sixth day, and then began-to fall gradually. In one group of 9 animals 
bled on days 6 and 13 after typhoid immunization, a decline in agglutinin titer from 113413 
to 1 / 1151 was observed. 

The escape of "lymphocytes" from lymph nodes engaged in antibody formation has 
been reported, and a higher concentration of antibody in these cells than in their surround- 
ing lymph has been demonstrated. Since small round cells resembling small lymphocytes 
had been observed to occur transiently in ra t  spleens a s  antibody is released, an attempt 

was made to identify these small round cells in the circulating blaod. -Counts of lympho- 

cytes in the portal, heart, and tail blood all revealed a low grade lymphocytosis on days 
4 and 5 after immunization with 0.5 to 1 cc of formalinized typhoid vaccine. In order to 

amplify these findings a modification of the bacillary agglutination technique was devised. 

This permitted identification in dried smears and organ imprints of cells capable of attract- 

ing typhoid bacilli to their cell walls. A thick reticulum of bacilli was seen covering the red 
pulp areas, but not those areas composed of cells from white pulp on spleen imprints pre- 

pared from animals 4 days after typhoid immunization. There was no difference in bacilli 
agglutination between the red and white pulp imprinted areas from control animals. 

Similar trials with portal blood smears made from animals 4 or 6 days post-injection 



Figure 6 .  Rat spleen 123 hours after injection intravenously of 
mixed carbon particles and typhoid bacilli showing carbon locali- 
zation, regenerated germinal centers and marginal zones, and anti- 
body-forming cells in red pulp. 

- C I  - -  - 
~hoid vaccine abd bashgd carbon particles showing localization of 
carbon particles and developing antibody-forming cells. 



Figure 8. Loose red pulp of spleen from control rat. 

Figure 0. Loose red pulp of spleen 4 days after intravenous injec- 
tion of typhoid vaccine showing antibody-forming cells at the peak 
development . . 



Figure 10. Loose red pulp of spleen 5 days after intravenous in- 
jection of typhoid vaccine showing development of small round 
cells among antibody-forming cells. 

indicated that certain cells attracted bacilli and certain others did not. Interpretation was 
made difficult by the fine reticulum of bacilli deposited on control and experimental slides. 

One or more of these bacilli were in contact with about half of the cells present. A prelim- 
inary experiment (Figure 11) demonstrated that up to 4 or 5 bacilli could be associated on 
a random basis with a cell in normal and control animals. However, five or more bacilli 

in contact with the cell wall, or overlaying the cell, were very seldom seen in control ani- 
mals though frequently in animals 5 days after antibody injection. The manner of adherence 

also differed. In some cells the bacilli were present at all angles to the cell wall and in oth- 
e r s  the bacilli seemed more tightly attached. This tight adherence was rarely observed in 
control slides (Figures 12- 14). 

In one experiment the portal and tail blood smears were treated with bacilli and 
stained, and 200 cells per slide were counted differentially by cell type and the number of 
bacilli adhering to cells of each cell type. Figure 11 shows the distribution of small lym- 

phocytes attracting 5 or more bacilli in portal and tail blood. In another experiment, rats  

were bled from their tails on successive days. Ten typhoid-immunized and 6 control rats 
were used. All slides were keyed at  the time of bleeding. Studies of slides were reported 

by slide number, and only after all counts had been made were the intervals and the im- 
munization history of the animal made known. Slides were evaluated in terms of numbers 



PORTAL BLOO~~~:-F - -y $; 
TAIL BLOOD 

DAYS 

Figure 11. Bar graph by days of the numbers of small round 
cells per 200 counted cells seen in portal and peripheral 
blood of typhoid-injected animals which had 5 or  more typhoid 
bacilli adhering to their cell walls. Control animals had 4 or 
less adhering cells per 20p cella counted. Each point repre- 
sents 1 animal. 



- .  
daFs after immunla:wtion with tmbid-mcoir- Thelre i s  ms- 

itive adherence of bacilli (Wright% atain). 

Figure 14. Small round cells in peripheral blood of a rat 5 
days after immunization with typhoid vaccine. There is pos- 
itive adherence of bacilli (Wright 1s stain). 



of positive, negative, and questionable lymphocytes and granulocytes among 200 cel ls  

counted. Positive ce l ls  had 4 o r . m o r e  bacilli  parallel  to the ce l l  wall. All ce l ls  associated 

with 7 o r  more  bacilli  were  a lso  included in this group unless they were  covered with 

clumps of bacilli, which did not appear directly related to them. Between 4 and 7 i r regu-  

l a r ly  adhering bacilli  led to the classification o'f questionable unless the number was found 

in a field where there  were  few other bacilli. In this  case ,  the specimen was described a s  

positive. The resu l t s  of this  experiment a r e  summarized in Figure 15. In both experiments 

there  were inc reases  in bacilli-attracting lymphocytes on day 5, one day before the anti-  

body t i ter  reached i t s  peak. 

INJECTED WITH SALMONELLA TYPHl INJECTED WITH SALINE 

I DAYS DAYS 

Figure  15. Bar  p .aph by days of number of positive typhoid- 
agglutinating smal l  round cel ls  in tai l  blood following intra-  
venous injection of typhoid vaccine and saline. Each point r ep -  
r e s e n t s  one animal. 

The weight curve  for the r a t  spleen in which antibodies a r e  being produced depends 

in par t  on the type of particulate antigen employed. Fr iedlander ' s  vaccine, typhoid vac- 

I cine, and 5 per cent sheep r e d  blood ce l l s  a l l  resul t ' in  a maximum spleen weight a t  4 days. 

I The bacterial  antigens, however, induce weight inc reases  dui-ing the f i r s t  24 hours  that 

I cannot be attributed to hyperemia o r  increased fluid within the organ. The increase  in 

weight s e e m s  to be related to a n  increase  in amount of splenic r e d  pulp and not to any 

change in the white pulp, which is reduced. If this  ref lec ts  an  essent ia l  part  of the antibody- 

I forming process ,  one would expect it to have occurred after  inje,ction of 5 per cent sheep 

r e d  blood cells .  This,  however, was not the case .  The spleens f rom r a t s  immunized with 

3 5 



sheep red blood cells seemed quite capable of producing quantities of antibody without 

such early red pulp increase. 

There a r e  two theories that have been proposed which explain how the antibody-form- 

ing cell  is stimulated to form antibody to a particulate antigen. 1) The precursor of the 

antibody-forming cell may phagocytose the antigen, or ,  2) another entirely different cell 

type may ingest the antigen and then transfer a stimulus to the antibody-forming cell. In 

either case, the stimulation occurs very soon after injection. It has been demonstrated 

that antibody-producing cells in the popliteal lymph nodes of rabbits were activated 10 

minutes after injection of Shiaella organism into the foot pad of the animal. In our experi- 

ments, no in vivo phagocytosis of particulate matter could be demonstrated by antibody- 

producing cells. The carbon-containing cells were not observed to be undergoing mitotic 

activity. Antibody-producing cells were not seen to contain carbon when this had been in- 

jected mixed with the antigen. Previous reports from this department indicate that the 

carbon particles and particulate antigen a r e  phagocytosed by the same cells. Therefore, 

i f  the precursor of the antibody-forming cell is phagocytic, it must ingest very small 

quantities of material. In any case, our evidence indicates that the precursor of the anti- 

body-forming cell is not of the cell type primarily responsible for clearing the circulat- 

ing blood of foreign particulate matter. 

Another aspect of the early phase of the splenic reaction to antigenic stimulation is 

the displacement of phagocytized carbon particles in the immunized and non-immunized 

animal from the marginal zone into the loose red pulp. This might indicate either a move- 

ment of phagocytic cells from the marginal zone toward the red pulp, or it may represent 

a release of phagocytosed material and reingestion by other red pulp macrophages. If the 

former were true, this might be the means of physiologic replacement of primitive red 

pulp stroma. If the latter were true, then it might be an example of release of macrophage- 

processed particulate matter and might reveal a part of the mechanism by which the anti- 

body-forming cell is stimulated by macrophage-released products. The adjacent location 

of carbon-containing macrophages to pyroninophylic cells could represent either the mi- 

gration of cells from the marginal zone or the carbon particles that were diffusely scat- 

tered in the red pulp after their injection. 

In an investigation of antibody-formation in rabbits it was demonstrated that the r e -  

gional lymph node contained the bulk of antigen injected into the homolateral foot pad and 

that in the first 4 days after antigen injection, this node increased in weight by 180 per 

cent. RNA in this node increased 214 per cent over the same period. Microscopically, 

pyroninophylic cells resembling lymphoblasts were seen in lymph nodes and in the me- 

dulla of the node. These resembled plasmoblasts and plasma cells. Efferent lymph from 

these nodes contained demonstrable antibody a s  early a s  day 2 and had a higher titer of 

antibody than blood serum until the sixth day. The cell count in the efferent lymph rose 

from 17,000 per cu mm in the control animals to 50,000 to 60,000 per cu mm on the third 

day after immunization. These samples contained 90 per cent o r  more "lymphocytes." 

Cells from these samples were lysed by alternate freezing and thawing after they had been 



carefully washed f ree  of the susperlding lymph. The antibody t i ter  of this  lysate was con- 

sistently 1 to 4 tubes higher than that of the s e r u m  in which they had been suspended. In 

this  connection, it was shown that thymectomy with i t s  great  loss  of lymphoid t issue in 

the rabbit  had no effect on antibody production, which suggests that only lymphocytes lo- 

cated in t issue that had previously localized antigen were active in making o r  transport-  

ing antibody. 

These facts  indicate that antibody-forming cel ls  in lymph nodes may be re leased to 

circulate in the efferent lymph and peripheral  blood. They a l s o  indicate that while the ce l ls  

a r e  circulating, they may s t i l l  contain formed antibody. Because of their  form,  these c i r -  

culating elements a r e  designated "lymphocytes." 

There  is recent  strong evidence that implicates the plasma cel l  in the immune phe- 

nomenon. This is based on the demonstration of an  increase  in plasma cel ls  in  hyperim- 

mune animals.  

Evidence concerning the fate of the antibody-forming cel l  in the white r a t  may be sum- 

marized a s  follows: Splenectomized r a t s  produce antibody only in low t i ter  following intra-  

venous injection of particulate antigen. On the second day after  injection of antigen, the ' 

mitotic activity of spleen r e d  pulp ce l ls  is a t  i t s  maximum. Starting a t  the same  time and 

reaching a peak on the fourth day, large  numbers  of pyroninophylic ce l l s  develop. The 

m a s s  of these ce l ls  is reflected in the spleen weight peak reached on the fourth day. C i r -  

culating antibody t i ter  r eaches  i t s  peak on the sixth day, when the number of pyronino- 

phylic ce l ls  is decreasing. Special fluorescent staining techniques indicate that ce l l s  s im-  

i l a r  to the pyroninophylic ce l l s  contain antibody in stainable amounts 4 days after  the f i r s t  

injection, using rabbit-lymph-node-foot-pad system. In t i ssue  cul tures ,  s imi la r  ce l ls  

have been found to re lease  antibody. The staining and t i ssue  culture techniques reveal  the 

development of ce l ls  resembling plasma cel ls  near the end of this  process.  However, a s  

the antibody-.forming cel ls  disappear,  a number of smal l  round cel ls  appear.  On the fifth 

day, between the day when there  a r e  the mos t  antibody-forming cel ls  in  the spleen and the 

day when the antibody t i ter  in the peripheral  blood reaches  i t s  peak, these ce l ls  r each  

their  greates t  number. 

It thus appears  that the plasma cel l  and the smal l  round cel i  a r e  products of antibody 

formation. The smal l  round ce l l s  in the peripheral  blood, termed lymphocytes, a r e  be- 

lieved to be produced in the germinal  cen te r s  of the  spleen and other lymphatic t issue.  - 
They a r e  multipotential but have no known relat ionship to antibody production>bnother 

smal l  round cel l  seen in the peripheral  blood is apparently produced in the splenic r e d  

pulp. It contains antibody and is re la ted  intimately to antibody synthesis. I t s  fate is un- 
I 

known. In t e r m s  of s i te  of production and function these two ce l l s  appear unrelated. 



THE EFFECT OF CONCURRENT FEEDING OF TWEEN 80 ON THE 

CARCINOGENICITY OF ORALLY -ADMINISTERED 

3 -METHYLCHOLANTHRENE* 

T. wong,+ D. S. ~ u r a s , ?  and R. W. Wissler 

Tweens a re  a se r ies  of non-ionic surface-active agents containing sorbitan and poly- 

oxyethylene groups combined with various fatty acids. As such, they a re  both hydrophilic 

and lipophilic and have properties that a r e  characteristic of "wetting agents" and emulsi- 

fiers.  Recently, they have been undergoil~g intensive study because of their potential use 

in foods and medicinal preparations. Some of our previous have indicated that 

under certain conditions dietary Tween 20 may increase iron absorption from the intesti- 

nal. t ract ,  and that the Tweens have possible co-carcinogenic properties. The penetration 

of a carcinogen, 3,4-benzpyrene, into the stomach wall of mice and cats  has been shown 

to be enhanced by the presence of   we ens.^ The co-carcinogenic effect of Tweens in the 

induction of skin tumors in mice has also been reported.4 The carcinogen 9,lO-dimethyl- 

l,2-benzanthracene, when dissolved in Tweens, i s  capable of producing a higher incidence 

of skin tumors when painted on the skin than when it i s  dissolved in an inert vehicle such 

a s  paraffin oil. 

The investigation described in this text was undertaken to study two possible effects 

of  Tween-feeding in relation to carcinogenesis: 1) i ts effect on the activity of an orally- 

administered carcinogen on the gastro-intestinal tract mucosa, that is, i t s  local co-car- 

cinogenic effect, if any; and 2) its effect on the absorption and transportation of an orally- 

administered carcinogen across  the gastrointestinal mucosa, a s  judged by the incidence 

of neoplasms iw tissues distant from the gastrointestinal tract. 

Both of the factors have important relationships to the observations of others. For ex- 

ample, Lorenz and ~ t e w a r t ~ - ~  have shown that feeding other "wetting agents" enhances the 

carcinogenic activity of dietary methylcholanthrene and dibenzanthracene in the forestom- 

ach of mice, That Tweens may influence the gastrointestinal absorption of phenanthrene- 

like substances is indicated by the work of Kellner et.1.9 and Payne and ~ u f f . "  Their 

work demonstrated that dietary Tween 80 enhanced the gastrointestinal absorption of cho- 

lesterol in rabbits. Oil fed with the cholesterol appeared to augment this effect. 

In our study,, 3-methylcholanthrene, a phenanthrene-related car.cinogen, was fed to 

mice, with and without Tween 80, in high fat diets. The chronic effect of Tween 80 on the 

carcinogenicity of 3-methylcholanthrene was evaluated by the difference in tumor inci- 

* 
Based on a paper that appears in the Journal of the National Cancer Institute, 22:363, 

1959. 

t ~ h e  Department of Pathology, The University of Chicago 



1 dences among the various diet groups. 

Male C57 black mice, about 19 to 20 weeks old and weighing between 20 to 30 g, were 

used. The mice were divided into four groups, each one of which was fed a specific diet 

(Table 1). The detailed compositions of the individual diets a r e  given in Table 2. 

Special care  was taken to insure an even distribution of the small amount of methyl- 

cholanthrene in the diets supplemented with the carcinogen. The specified amount of meth- 

ylcholanthrene was added to the liquid ingredients of the diet and then the mixture was 

heated to approximately 1 0 0 ~ ~  until a l l  of the cPrcinogen was dissolved. This oily solution 

Table 1 

DIET GROUPS 

Table 2 

Group 

I 

I1 

I11 

IV 

DETAILED COMPOSITION OF EXPERIMENTAL DIETS 

FOR VARIOUS GROUPS 
- - 

Mice 
(No.) 

2 3 

27 

2 8 

27 

Diet 

Basal diet 

Basal diet + methylcholanthrene 

Basal diet + Tween 80 

Basal diet + methylcholanthrene + Tween 80 

Dietary components 

Casein 

Dextrin 

Sucrose 

Salt mixture (O&M) 

Dried Brewer I s  yeast 

L-Cystine 

Alphacel 

Cottonseed oil 

Wheat-germ oil 

Tween 80 

Oleum percomorphum 1 drop 1 drop 1 drop 1 drop 
3 - Methylcholanthrene - 0.03 - 0.03 

I 

Total 100.0 100.03 100.0 100.03 

Grams per 100 g of diet 

Group 1 

10 

40 

10 

4 

5 

0.5 

.lo 

19.5 

1 
- 

Group I1 , 

10 

40 

10 

4 

5 

0.5 

10 

19.5 

1 I 

- 

Group IH 

10 

40 

10 

4 

5 

0.5 

5 

19.5 

1 

5 

Group IV 

10 

40 

10 

4 

5 

0.5 

5 .  

19.5 

. 1  

5 



was then added to the dry ingredients and mixed mechanically. Those who handled the ca r -  

cinogenic diets wore rubber gloves. 

Each mouse was given 2 g of the diet each day, a quantity representing the maximum 

amount of daily diet that could be consumed constantly and equally by al l  groups of mice 

over a prolonged period of time. Anything left uneaten at the end of the day was discarded. 

Water was given ad libitum. 

The ;mount of methylcholanthrene consumed by each mouse in Group I1 and Group IV 

was 0.6 mg daily, each mouse in Group I11 and Group IV consumed 100 mg of Tween 80. 

All four groups of mice were fcd their experimental diets for the first  10 weeks. They 

were then fed the basal diet for the subsequent 8 weeks (week 10 to week 18). At the end of 

the eighteenth week, the basal diet was discontirlued and all  mice were fed Purina Labora- 

tory Chow ad libitum for the remainder of the experiment. Animals that died before termi- 

nation of the experiment were autopsied. Heart, lungs, stomach, small intestine, large in- 

testine, liver, spleen, and kidneys were taken for histologic examination. The stomach was 

opened along the greater curvature and spread out in i ts entirety on a piece of cardboard 

for fixing. Later on, mult'iple longitudinal sections were taken for histologic examination. 

Other tissues, such a s  the skin, were studied microscopically only when gross  pathologic 

changes were observed at the time of autopsy. All of the tissues were fixed in neutral 

buffered formalin, embedded in paraffin, and stained with hematoxylin and eosin. Special 

stains, e.g., Congc red for amyloid and periodi'c acid Schiff's stain for glycogen, were 

used in some instances. In the 51st week of the experiment, all  of the survivors were killed 

with ether and autopsied; the same tissues a s  mentioned above were taken for histologic 

examination. 

In a preliminary experiment it was found that continuous feeding of the carcinogen- 

containing diets to mice for more than 4 months resulted in a high degree of early mortal- 

ity in these animals. The few survivors eventually developed anasarca and died in approx- 

imately 6 months or shortly thereafter. Ascites was particularly prominent. In some of 

these animals, the ascitic fluid was clear.  In others, the ascitic fluid was thick, white, and 

opaque and had a chylous appearance. Ascitic fluid of intermediate composition was also 

observed. In a few cases  of chylous ascites,  there was associated bilateral chylous effusion 

into the pleural cavities. Because of these findings, the carcinogenic diets .were fed to the 

mice for approximately 2 months only. 

The curves, Figures 1 and 2, reveal that dietary methylcholanthrene increased mor- 

tality.   he .addition of Tween 80 to the diets at  a level of 57% seemed to have no deleterious 

effect on the lifespan or the body weight of the animals. The unusually high mortality of 

Group I1 in the early part of the experiment, especially after the 8th week, was associated 

primarily with the development of severe amyloidosis in such vital organs a s  the liver, 

spleen, and kidneys. A Salmonella infection, with multiple hepatic abscesses, was also ob- 

served in some of these animals dying in the early part of the experiment. In general, how- 

ever,  the incidence of concurrent infection and amyloidosis was not great enough to indi- 

cate any relat,ionship between the two. 



EXP'TAL BASAL 
DIETS DlET CHOW 

T IME  IN WEEKS 

Figure 1. Mortality rate  of various groups. 

  here was .no significant difference in the dietary consumption between Group I1 and 

Group IV animals, indicating that the amount of carcinogen consumed by these two groups 

of animals was approximately the same. The difference in the incidence of neoplastic 

EXP'TAL BASAL 
DIETS DlET CHOW SACRIFICE 

TIME IN WEE.KS - 

Figure 2. Average body weight plotted against time. 



changes between these two groups of animals was therefore in a l l  probability due to fac- 

tors  other than the amount of carcinogen ingested. 

Since tissues were taken for histologic studies only after the animals had died or  at 

the time the experiment was terminated, the'-so-called time of appearance of any patho- 

logic lesion obviously depended to a considerable extent on the time of death of, the animal 

bearing the particular lesion. Similarly, the apparent incidence of a pathologic lesion at 

any specified interval of time depended heavily on the incidence of mortality at  t h e  time. 

In order to avoid difficulties in interpretation, it would have been necessary to conduct an 

experiment in which animals were sacrificed periodically for histologic examination. Since 

the present experiment was not conducted on such a basis, interpretation of the frequency 

of various pathologic findings was made with reference to the incidence of mortality at the 

time. 

Animals in Group I and Group 111, which were not fed methylcholanthrerle, were found 

to be completely free of lung neoplasms; whereas ,animals in Group I1 and Group IV, which 

had methylcholanthrene or methylcholanthrene plus Tween 80 in their diets, developed mul- 

tiple lung tumors (Figure 3). 

Microscopic examination of the smaller .lung tumors showed a solid mass of cuboidal 

tumor cells derived apparently from the alveolar lining (Figure 4). Some of the larger tu- 

mors  were better differentiated and showed a papillary structure' (Figure 5). The individual 

papillae were composed of thin connective tissue cores  covered by cuboidal o r  low colum- 

nar tumor cells. The size of the tumor increased with time so that some of the tumors oc- 

casionally occupied an entire lobe of the lung. Frequently, the cells in the larger tumors 

also showed an increase in mitotic figures, suggesting accelerated growth. The total num- 

ber of such.tumors in each pair of lungs otherwise increased with time so that toward the 

end of the experiment, it was not unusual to find a s  many a s  50 to 100 in the lungs of a sin- 

gle animal. 

By comparing data from the animals in Groups I1 and IV (Figure 31, we see that, start-  

ing with 27 mice in each group, the total incidence of lung tumors at the end' of the experi- 

ment was 44.4% in Group I1 and 74.170 in IV, expressed a s  per cent of total animals. More 

animals in Group I1 died during the initial period of the experiment when there was insuf- 

ficient time for the lung tumors to develop, thus leaving fewer animals to develop these tu- 

mors  later on in the experiment (Figure 3) .  Nevertheless, it is obvious, by comparing the 

curves for Groups I1 and IV, that in the last half of the experiment, when for a period of 

time before the final sacrifice the incidence of mortality in the two groups was very sim- 

i lar ,  the incidence of lung tumors in Group IV remained greater than that in 11. 

The first lung tumor to be observed in the mice in Group I1 was found during the 18th 

week, while that of Group IV was found in the 22nd week (Figure 3). This difference in the 

tiine of appearance of the lung tumors may be more apparent than real,  because a closer 

examination of the curves in Figure 3 reveals that the incidence of mortality at  about this 

period of time was markedly different in the two groups. Whereas the incidence of mortal- 

ity for Group I1 from week 18 to week 22 was 18.570, that for Group IV was 3.770. If more 



animals in Group IV had succumbed during this period of time, we might have discovered 

the first lung tumor in Group IV at an earlier date. 

Mice in Groups I and 111, not fed methylcholanthrene, were free of papillomas and car- 

cinomas of the squamous stomach (Figure 6). On the other hand, mice in Groups I1 and IV, 

which had methylcholanthrene or methylcholanthrene plus Tween 80 in their diets, devel- 

oped these lesions (Figures 6, 7, and 8). Tween 80 plus methylcholanthrene did not seem 

Figure 3. Mortality and lung-tumor incidence plotted a s  per cent of to- 
tal animals against time. 

to reduce the induction time for squamous papilloma of the forestomach, a s  the first 

such lesion was found during the 19th week in Group 11 and during the 30th week in IV 

(Figure 6). However, a s  with the lung tumors, the marked difference in the incidence of 

mortality of the 2 groups from about the 19th to the 30th week may have misled us. The 

final incidence of squamous papilloma was 14.8% in Group 11 and 25.9% in IV. The inci- 

dence of squamous papilloma followed the incidence of mortality much more closely in 

Group IV than in 11. 

The final incidence of carcinoma of the squamous stomach was 3.7% in Group I1 and 



7.496 in IV (Figure 6). Since these percentages represented 1 animal and 2 animals, re-  

spectively, they are  not thought to be statistically significant. 
Mice in Groups I and 111, not given methylcholanthrene, revealed no pathologic 

changes in the glandular stomach throughout the experiment (Figure 9). A typical histo- 
logic picture of the glandular stomach from mice of Groups I and 111 is shown in Figure 

10. Mice from Groups I1 and IV, the diets of which contained methylcholanthrene or meth- 
ylcholanthrene plus Tween 80, showed both atrophic and proliferative changes in the gland- 

ular stomach (Figure 9). 

Figure 4. Multiple lung tumors, in early stage of development, from 
Group IT7 animal dying in 318th week of experiment. Tumors are  derived 
from alveolar lining celis rather than from bronchial epithelium. 
mui#centric nature of the tumors and their predilection for growing m 
peripheral zones of lung. The individual tumors are  composed of solid 
masses of cuboidal tumor cells. 

Figure 5. h n g  tumor, in late stage of development, from Group IIV an- 
imal killed at end of experiment. Note papillary structure of a portion 
of the tumor. 

The atrophic changes consisted of a decrease in the thickness of the mucosa, loss of 

parietal cells, replacement of normal gastric glands by mucus-secreting glands of the in- 

testinal type, and a slight to moderate increase of fibrous tissue in the mucosa, muscu- 
laris mucosae, and submucosa. An example of the atrophic changes is shown in Figure 11. 



These changes, whenever present, were found uniformly throughout the entire length of 

the multiple longitudinal sections taken routinely from each stomach, and were never ob- 

served in similar sections of the stomach from control animals. 

The proliferative changes consisted of an increase in the thickness of the mucosa, at 

times to a s  much a s  4 times the normal thickness (Figures 1 2  and 13). The glands were 

also of the intestinal type, but instead of being short and atrophic, hypertrophy and hyper- 

plasia had taken place, giving rise to tortuosity of the glands and disruption of the normal 

- - - - - - - CUMULATIVE IWCIOENCE OF PAPILLOMA OF SOUAYOUS aToMAcn 
CUMULATIVE I r n t o E n c r  o r  c m c l n o u r  or souruour  srouAcn 

Figure 6. Mortality and incidence of papilloma and carcinoma of squa- 
mous stomach plotted as per cent of total animals against time. 

regularity of the glandular pattern. The glands were frequently hyperchromatic and showed 

crowding and depolarization of the nuclei. There was often an increase in the number of 

mitotic figures. As with atrophic changes, a loss of parietal cells was observed. Cystic 

degeneration of the glands was also seen. 

As shown in Figure 9, the appearance of atophic changes preceded that of prolifer- 

ative changes in both Groups I1 and IV. In point of fact, the appearance of the atrophic 

changes seemed to be limited to the earlier part of the experiment, whilc the appearance 



of the proliferative changes seemed to be limited to the later part. The course of action 

of the carcinogen, judging from the sequence of pathologic changes observed, would seem 

to be an initial suppressive effect followed by a late enhancing effect on cell growth. The 

result was that the mucosa of the glandular stomach underwent an initial phase of atrophic 

changes, together with conversion of the highly specialized gastric glands to the simple 

intestinal type of glands, and then progressed to a final phase of proliferative changes. A 

- Figure 7. Squamous papilloma of forestomach from Group u animal 
killed at end of experiment. 

Figure 8. Squamous carcinoma of forestomach from Group IV animal 
killed at end df experiment. Note invasion of the squamous epithelium 
to a considerable distance below the muscularis mucosae. The overly- 
ing squamous epithelium is highly proliferative. 

similar sequence of events has been observed in the induction of hepatomas by acetyl- 

aminofluorene, in which suppression of the liver cells was first observed, followed by 

proliferation. The same sequence has been observed in cases of irradiation dermatitis 

which eventually progress to carcinomas of the skin. 

Tween 80 added to methylcholanthrene did not cause the atrophic changes of the gland- 

ular stomach to appear earlier in Group IV than in 11, nor did it cause an increase in the 

incidence of atrophic changes in Group IV (Figure 9). In fact, the incidence of atrophic 

changes in Group I1 (1 1.170) was higher than that in group IV (3.770). However, the inci- 



dence of mortality in Group I1 was much greater than that in IV in the initial part of the 

experiment. Since the appearance of atrophic changes was limited to the earlier part of 

the experiment, the apparently lower incidence of atrophic changes in Group IV may well 

have been because fewer animals in this group died early in the experiment. Thus, even 
though there may have been atrophic changes, these would not have been detected but would 
have progressed to the proliferative changes that were observed in the later part of the 

experiment. 
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Figure 9. Mortality and incidence of atrophic changes and proliferative 
changes of glandular stomach plotted a s  per cent of totzl animals against 
time. 

The proliferative gastric changes in Group IV (Figure 9) did occur earlier and in 

greater number than in Group I1 (week 38 E. week 51). This earlier appearance of prolif- 
erative changes in Group IV may not have been significant, since the number of animals 

involved was small. Furthermore, the greater incidence of proliferative changes in Group 
IV may be partially explained by the greater number of animals surviving in the last half 

of the study. However, this may not be a complete explanation, for there was a relatively 



long period before the end of the experiment during which the animals in the 2 groups 

were dying at about the same rate, yet proliferative changes of the glandular stomach 

were found only in the animals of Group IV. The final incidence of these proliferative 

changes was 22.2% in Group IV and 7.4% in Group 11. In addition to this difference, the fi- 

nal proliferative changes observed in the animals that were killed were generally more 

severe histologically in Group IV than in 11. 

Figure 10. Glandular stomach from Group I animal killed at end of 
experiment. Parietal cells are  present throughout entire length of the 
mucosa. 

Figure 11. Atrophic changes of glandular stomach from 
Group IV animal dying in 31st week of experiment. Note de- 
cresse in thickn-ess of the mucosa (see Figure 10, w-hich is 
a section of the glandular stomach &om- a Group I animal 
under same magdfication). Note also loss of parietal ceIls 
and replacement of the normal gastric glands by mucus- 
secreting glands of the intestinal type. 

One interesting finding in connection with the proliferative changes of the glandular 

stomach was observed in an animal in Group IV that was killed. There was, in addition to 

severe proliferative changes in the mucosa in the glandular stomach, an invasion of the 

glands below the muscularis mucosae (Figure 14). Around the invaded areas, the submu- 

cosa w a s  infiltrated with chronic inflammatory cells consisting of lymphocytes and plas- 



ma cells. This type of "adenomalous lesion" has been observed to develop spontaneously 

in mice of strain I. It has also been seen in mice fed methylcholanthrene and dibenzanthra- 

cene in oil emulsions. 

The leukemias, both lymphocytic and myelogenous, and other tumors found in the vari- 

ous groups of animals a re  listed in Table 3. Leukemia occurred most frequently in Group 

IV, with 4 animals developing this disease, o r  14.8 per cent of the group. Of these 4 ani- 

mals, 3 had myelogenous leukemia and 1 had lymphocytic leukemia. This neoplastic proc- 

Figure 12. Proliferative changes of glandular stomach from Group IV 
animal killed at end of experiment. The thickness of the mucosa is about 
3 times that of control (see Figure 10). Note highly proliferative intesti- 
nal-type of glands, especially in basal layer of the mucosa; distortion of 
normal glandular pattern; hyper chromatism; and loss of parietal ce 11s. 

e s s  occurred next most frequently in Group 11, with 2 animals developing the myelogenous 

variety and 1 developing the lymphocytic variety. These represent 11.1% of the animals in 

the group. In Group 11, 1 animal developed myelogenous leukemia and 1 developed a malig- 

nant thymoma. The latter demonstrated characteristics of a lymphocytic leukemia, a s  evi- 

denced by a large quantity of abnormal lymphocytes in the blood. Group I had the lowest in- 

cidence of leukemia; 1 animal developed the lymphocytic variety. In view of the small dif- 

ference in the incidences of leukemia in the various groups and its seemingly spontaneous 



Table 3 

INCIDENCE AND TIME OF APPEARANCE OF LEUKEMIAS AND OTHER NEOPLASMS 

Leukemia 

Malignant thymoma becoming 
leukemia 

Hepatoma 

Hemangioendothelioma 

Number of mice 0 3 0 2 
Incidence 

Squamous-cell carinoma of Per cent of total mice 0 11.1 0 7.4 
skin 

Time found Weeks: 22, Weeks: 28, 
23, 31 38 

Number of mice 0 1 0 0 

Benign, sebaceous-gland Incidence 
tumor of skin Per cent of total mice . 0 3.7 0 0 

Time found Weeks: 51 

GroupI- 
23 mice 

1 

4.3 

Weeks: 49 

0 

0 

0 

0 

0 

0 

Incidence 

Time found 

Incidence 

Time found 

Incidence 

Time found 

Incidence 

Time found 

GroupII- 
27 mice 

3 

11.1 

Weeks: 22, 
23, 51 

0 

0 

0 

0 

0 

0 

Number of mice 

Per cent of total mice 

Number of mice 

Per cent of total mice 

Number of mice 

Per cent of total mice 

Number of mice 

Per cent of total mice 

Group 111- 
28 mice 

1 

3.6 

Weeks: 29 

1 

3.6 

Weeks: 45 

1 

3.6 

Weeks: 51 

0 

0 

Group IV- 
27 mice 

4 

14.8 

Weeks: 28, 
31, 33, 47 

0 

0 

1 

3.7 

Weeks: 51 

1 

3.7 

Weeks: 51 



appearance in animals of the 2 control groups, little significance was attached to these 

findings. 

Hepatomas were found only in Groups 111 (Tween diet) and IV (Tween + methylcholan- 

threne), with 1 animal in each group developing this tumor (Table 3). Both of these hepa- 

tomas may have occurred spontaneously. However, they differed considerably from one 

another in histologic characteristics. The hepatoma of Group 111 had comparatively well- 

differentiated cells with nuclei that were very uniform in size. There was only slight nu- 

clear hyperchromatism. The hepatoma of Group IV, on the other hand, showed a great 

Figure 13. Proliferative changes of glandular stomach from Group IV 
animal dying in 38th week of experiment. The thickness of the mucosa 
is 3 to 4 times that of control (see Figure 10, which is a section of gland- 
ular stomach from a Group I animal under the same magnification). - 
hyperchromatic proliferative glands, with cystic changes and loss of pa- 
rietal cells. 

deal of variation in nuclear and cell size. There were abnormal mitoses with varying de- 

grees of apparent polyploidy of the chromosomes. Hyper chromatic giant nuclei were pre s- 

ent. Nuclear "inclusion bodies," probably of viral origin, were found in great numbers in 

the tumor cells. These "inclusion bodies" were also observed in the liver of animals with- 

out hepatoma, particularly those animals receiving methylcholanthrene. 

One hemangioendothelioma was found in a Group IV animal in the region of the pan- 

creas. None was found in animals of any other group. 

Squamous-cell carcinoma of the skin developed in 3 animals of Group I1 (1 1.1%) and 



in 2 animals of Group IV (7.4%). A benign sebaceous-gland tumor of the skin developed in 

an animal of Group 11. It seems likely that these tumors developed as  a result of contact 

of the skin with the carcinogenic diet rather than a s  a result of absorption of carcinogen 

from the gastrointestinal tract since they developed at sites of denuded skin caused by 

fighting among the animals. lip; - k r  - r- q 

,' - k 
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Figure 14. Proliferative changes of glandular stomach from Group IV 
animal killed at  lend of experbeat. Note, the almost plspoid prolifera- 
tionof mucosa. Note also that, in addition to having those changes listed 
under Figures 12 and 13, there are  invasions of the glands below the 
muscularis mucosae at  three sites. At one of these sites, the invading 
glands are  mare proliferative and irregular than those at the other sites. 

None of the animals in Groups I o r  111 developed more than 1 primary neoplasm (Ta- 

ble 4). On the other hand, a number of animals in Groups II and IV developed more than 1 

primary neoplasm at a time. In Group 11 there were 6 animals (22.276) with multiple pri- 

mary neoplasms. Each of these had 2 primaries. in Group IV there were 10 animals 

(37.0%) with multiple primary neoplasms. Of these, 8 had 2 primaries and 2 had 3 pri- 

maries. Some multiple primary neoplasms were also associated with atrophic or prolif- 



Table 4 

INCIDENCE OF MULTIPLE PRIMARY NEOPLASMS IN 

INDIVIDUAL MICE* 

Two primary neoplasms Three primary neoplasma 

* 
Skin tumors excluded. 

Group 

erative changes of the glandular stomach. 

The tumor incidence per animal, excluding skin tumors, is summarized in Table 5. 

Group IV had the highest incidence per animal; next, Group 11, Group 111, and then Group I, 

It is notable that the tumor incidence per animal in Group IV is 1.76 times that in Group 

11. 

In examining the sections of liver, it was observed that there were changes in the he- 

patic nuclei of animals in Groups I1 and IV not found in animals of Groups I and I1 (Fig- 

ures  15 to 17). These changes did not begin to occur until 5 to 6 months after the start of 

the experiment. Thereafter, they increased in severity with time. These changes consist- 

ed of: 

Abnormal mitoses. Abnormal mitoses, resulting in irregular distribution of 

chromosomes and probable polyploidy, were seen in some of the liver sections from 

animals of Groups I1 and IV. 

Variation in size of cells and nuclei. Variation in the size of the hepatic cells / 
and nuclei in Groups 11 and IV animals had a general tendency to increase proportion- 

ately with the length of time that the animals had lived, with some of the cells and nu- 

clei progressing to giant size and others diminishing to a smaller size than at the be- 

ginning of the experiment (Figure 16). This wide range in size was probably dependent 

on aberrations in mitoses, which led to unequal partition of chromosomes in the daugh- 

ter  cells. 

Variation in shape of nuclei. The variation in the shape of the nuclei observed in 

this experiment seemed to result mainly from amitotic division of the cells, which oc- 

curred with unusual frequency in the livers of Groups 11 and IV animals and led to 

dumbbell-shaped nuclei o r  nuclei with polycyclic borders (Figure 17). 

The nuclear changes did not correlate statistically with infectious processes or  amv- 

loidosis occurring in the liver. 

Intranuclear inclusion bodies were seen in the liver cells of all  4 groups of animals, 

Mice 
(No.) 

Total mice 
(%I 

Mice 
(No.) 

Total mice 
(%) 
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Table 5 
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TOTAL INCIDENCE OF TUMORS PER GROUP AND PER ANIMAL* 

Group 

I 

I1 

I11 

IV 

* 
Skin 

Incidence of mortality and various neoplasms at 
different time intervals 

(Number of animals) 
Total Total no. Tumor 

Mortality and neoplasia Time in weeks tumor of incidence 
acrifice: incidence animals per animal 

0 to 10 10 to 20 20 to 30 30 to 40 40 to 50 to sl 

Mortality 1 0 0 3 1 18 23 
Leukemia 0 0 0 0 0 1 1 0.04 

Mortality 5 5 6 5 3 3 27 
Lung tumor 0 2 3 2 2 3 12 
Papilloma of squamous 

stomach 0 1 0 2 0 1 4] 20 0.74 
Carcinoma of squamous 

stomach 0 0 0 0 1 0 1 
Leukemia 0 0 2 0 0 1 3 

Mortality 0 0 3 2 3 20 28 
Leukemia 0 0 1 0 0 0 
Malignant thymoma 0 0 0 0 1 0 :}3 0.11 
Hepatoma 0 0 0 0 0 1 1 

Mortality 2 0 3 7 4 11 
Lung tumor 0 0 3 5 3 9 20 
Papilloma of squamous 

stomach 0 0 1 3 2 1 
Carcinoma of squamous 

stomach 0 0 0 1 0 1 
1.30 

Leukemia 0 0 1 2 1 0 
Hepatoma 0 0 0 0 0 1 
Hemangioendothelioma 0 0 0 0 0 1 

tumors excluded. 



though a greater number was present in the livers of Groups I1 and IV. These bodies were 
found about equally often in Group I1 and IV animals and were believed to be of viral ori- 
gin (Figures 18 and 19). The number of these intranuclear inclusion bodies, according to 
the above observations, would seem to be in some way related to the administration of 
methylcholanthrene. This brings to mind the theory concerning the etiology of cancer that 
all exogenous carcinogens, including carcinogenic chemicals, work through viruses in the 
induction of tumors, as  suggested by ROUS" and ~ndrewes" and supported recently by 

B w r e  15. Liver from Graup I animal killed at e d  of experiment. 
Note regularity in size of cells and huelei. - 
Figare 16. Liver fr'om Group TV animal dying in 17th weeli of ex- 
perlment, Note marked variation in size of hepatic nualeb. Csmpare 
this with liver f~dm Group I animal in Figure 15 with respect to nu- 
clear size, taken under same rnagnificat300. 

Oberling and ~u6rin.l~ However, the Eact that hepatomas were not found any more fre- 
queatly in the 2 groups of animals fed rne*hylcholmtht.ene, although these nnima.1~ ?md a 
greater numbe;. of viral inclusion bodies in their Liver, and the fact that no inclusion bad- 
ies were found in the hepatoms of the Group IU animal {Tween diet), although they were 
found in great numbers in the hepatoma of the Group I V  animal (methylchohnthrene + 
Tween), seem to indicate that theee viruses were not connected etiologi~ally with the de- 
velopment of hepatornas in the present experiment. on the other M a ,  it Beems more rea- 



sonable to conclude tnat rnese exogenous viruses were probably much better able to infect 

the hepatic cells after the latter were in some way altered by the action of methylcholan- 

threne. This would explain the presence of a greater number of these inclusion bodies in 

the hepatic cells of animals fed methylcholanthrene, whether these cells were in a hepa- 

toma or in an ordinary liver. 

An important finding in this experiment was the frequent development of widespread 

amyloidosis. The organs most commonly involved were spleen, liver, kidneys, small in- 

testine, stomach, and cecum, in that order. 

Figures 17A and 176, A. Liver of Group IV animal killed at end of 
experiment. B. Liver of Group I1 animal dying in 36th week of ex- 
periment. Note variation in shape of nuclei, especially at sites of 
arrows. 

The spleen, liver, and kidneys were usually involved concurrently in the process, 

though occasionally amyloid was found only in the spleen or the liver. In the spleen (Fig- 

ure 20), the amyloid was characteristically deposited initially around the periphery of the 

lymph follicles, later on spreading to involve the entire spleen. In the liver (Figure 211, 

the amyloid was deposited between the endothelial lining cells of the sinusoids and the he- 

patic cells, a s  well a s  in the wall of the blood vessels. In the kidneys, the amyloid was de- 

posited in the glomeruli and blood vessel walls. In the glomeruli, the amyloid was found 

between the basement membrane and the endothelial lining of the capillaries (Figure 22). 
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Amyloidosis of the gastrointestinal &act 'eristed aione '06.&odcurrently with severe 

widespread amyloidosis of the other organs. In the small intestine, the amyloid deposit 

was almost uniformly found in the lower jejunum or ileum (Figure 23) and never in the 

duodenum. The stomach was occasionally involved; the cecum, only rarely. In all these 
sites, the amyloid was deposited in the lamina propria of the mucosa; never in the muscle 

coat. The small intestine was usually involved more severely than the other gastrointes- 

,, . . 
L . 4, +. Figure 18, Liver from Group IV animal killed at end of experiment. 

Note intranuclear inclusion bodies at sites of arrows. 
7 

tinal sites, The villi here were usually expanded a s  a result of the deposit in the lamina 

propria (Figure 23). Amyloidosis was also occasionally observed in the pancreas; depos- 
ited maiuly in the connective tissue between the acini. As the pancreas was not among the 
tissues taken routinely for histologic examination, the relative frequency of amyloidosis 

in this organ could not be assessed. In one animal, amyloidosis was found in the heart 

alone. 
Amyloidosis was found with about equal frequency in al l  groups of animals, with the 

exception of those in Group II. About 65% of the animals had involvement. In other groups, 

approximately 50% of the animals were involved. The .high incidence ~f ainyloldosis with 
severe renal involvement seen in Group 11 may have been responsible for the unusually 



high mortality in this group in the early part of the experiment. No explanation can be of- 

fered for the high incidence of amyloidosis in Group 11. Amyloidosis was observed be- 

ginning at about the 8th week of the experiment. Thereafter it was found at all time inter- 
vals. Its severity did not seem to correlate with the length of time that the animals lived. 

Figure 19. Periodic acid-Schiff stain of a hepatoma section from 
Group IV animal killed at end of experiment. Note that some intranu- 
clear inclusion bodies are  positive for the s tammarked A); others 
are  partially positive (marked B); still others are  almost completely 
negative (marked C ) .  

Three possible factors may have contributed to the condition: 

Infection. Amyloidosis of the secondary variety is known to be associated with 

long-term, chronic infectious processes. In this experiment, there seemed to be no 
connection between the development of amyloidosis and sporadic cases of salmonella 

infection, with chronic hepatic abscesses found in some of the animals. 

Tumor -bearing state. Amyloidosis of the secondary variety has been observed 

in terminal cancer patients as  well as  inaturnor-bearing mice. In this experiment, the 
lack of correlation between the over-all tumor incidence and the incidence of amy- 

loidosis in the various groups does not support the tumor-bearing state a s  the pri- 

mary causative factor for arnyloidosis. 



Casein in diets. Amyloidosis has been produced by subcutaneous injection of so- 

dium caseinate14 a s  well a s  by feeding casein to mice.15 The latter means of produc- 

ing amyloidosis was reported to be less predictable than the former.16 All the diets 

in the present experiment contained 10% casein. The fact that 3 out of the 4 groups of 

animals had about the same incidence of amyloidosis seemed to favor dietary casein 

a s  the primary causative factor of amyloidosis in this experiment. 
- .  ' , .  '"3 
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Figure 20.. Amyloidosis of spleen from liroup 11 animal dying in 8th 
week of experiment. Note perifollicular distribution of the amyloid 
deposit. There is also amyloid in the red pulp. 

Figure 21. Amyloidosis of liver from a Group I1 animal dying in 8th 
week of experiment, Note deposition of amyloid 1) between endothelial 
lining cells of s i n u s o w a n d  hepatic cells, and 2) in wall of blood ves- 
sels. 

Extramedullary hematopoiesis, predominantly the myeloid variety, was observed in 

the liver and spleen of about 25% of the animals in Groups I1 and IV. The cause for this 

was not clear, though it could conseivablg arise a s  a result of methylcholanthrene toxicity 

in the bone marrow. This speculation could not be proved or  disproved in the present ex- 

periment, since the bone marrow was not studied histologically. However, Lorenz and 

stewartS5 who continuously fed methylcholanthrene to mice in the form of olive-oil emul- 

sions for about a year, found no appreciable histologic changes in the bone marrow. On 



5 the other hand, these investigators did find a variable degree of marrow depletion, in- 

volving all cell types, in mice fed dibenzanthracene in the same kind of emulsions for 5 

months or more. 

Tween 80, when fed concurrently with methylcholanthrene, potentiates the lattefls 

carcinogenicity, in comparison to methylcholanthrene alone, a s  evidenced by 1) a higher 

total tumor incidence, 2) a higher incidence of multiple primary neoplasms, and 3) more 

pronounced proliferative changes of the glandular stomach. 

7 7  

Figure 22. Amyloidosie of kidney from Group IV animal killed at end . :%:- 
(51st week) of experiment. Note deposition of amyloid inside glomer- 

& - .  
ulus, between basement membrane and endothelial lining of the capil- 
laries. In this instance, the amyloid deposits are somewhat nodular in 
appearance, 

Figure 23. Amyloidosis of small intestine (ileum) from Group III ani- 
mal dying in 29th week of experiment. Note deposition of amyloid in 
lamina propria, causing expansion of tips of villi, giving them a club- 
like appearance. 

Among the individual tumors that made up the total incidence were lung tumor, squa- 

mous papilloma and squamous carcinoma of the forestomach, hepatoma, leukemia, malig- 

nant thymoma, and hemangioendothelioma. The difference between the incidence of lung 

tumors in animals fed the 2 different diets provides the strongest and most consistent evi- 

dence for the capacity of Tween 80 to enhance the carcinogenic quality of methylcholan- 



threne. Differences in the incidence of other tumors ,  though perhaps not stat ist ically s ig-  

nificant when taken individually, do show a trend when taken a s  a whole and point to the 

ability of Tween 80 to increase  the incidence of tumors  produced by methylcholanthrene. 

In the absence of any evidence that Tween 80 is itself a carcinogen, one must  conclude 

f rom the resu l t s  of the present  investigation that Tween 80 acts ,  i n  part  a t  leas t ,  a s  a co- 

carcinogen. . . 

In interpreting the data, i t  has  been assumed that a l l  the tumors  induced, with the ex- 

ception of skin tumors ,  were  due to carcinogen absorbed f rom the gastrointestinal t rac t .  

The occurrence of skin tumors  r a i s e s  the question of whether the skin contributed to the 

absorption of carcinogen by virtue of i t s  contact with carcinogenic food part icles and con- 

sequently played a part  in the induction of internal  tumors.  Lung tumors  have been pro- 

duced by some investigators by painting carcinogen on the skin.16 The fact  that only a 

smal l  number of skin tumors  was produced in comparison to the number of lung tumors  

and the fact that the most  of the lung tumors  were  unaccompanied by any malignant o r  pre-  

malignant changes of the skin do not ru le  out the possibility that the skin may have been 

an important organ for the absorption of carcinogen. Considerable experimental  evidence 

definitely indicates that carcinogenic hydrocarbons absorbed f rom their initial s i te  of ap- 

plication may not induce any tumors  in the immediate vicinity of the s i te  of application, 

.but may instead evoke tumors  in susceptible t i ssues  in a wholly different part  of the body. 

A notable example of this  is the work of ~ a ~ n u s , " l  who attempted to produce gas t r ic  can- 

c e r  in  mice  by introducing dibenzanthracene in olive-oil emulsions directly into the s tom- 

ach. No gas t r ic  tumors  developed, but tumors  of the lung appeared in 95% of the animals,  

a s  against 4 to 8% in the controls. In the resu l t s  obtained in our study, there  was no c o r -  

relat ion between the lung-tumor incidence and the skin- tumor incidence within the individ- . 

ual groups of animals  consuming t,he carcinogenic diets .  Furthermore., the skin tumors  

appeared most  frequently in denuded a r e a s  of skin. These facts  would indicate that skin 

tumors  and internal  tumors  were  not induced by carcinogen derived f rom the same  route ,  

and that the absorption of carcinogen through the skin was not a significant factor in the 

induction of internal  neoplasms. 

Assuming that a l l  tumors ,  except those of the skin, were  induced a s  a resul t  of the 

absorption of carcinogen f rom the gastrointestinal t rac t ,  there  a r e  a t  least  3 mechanisms 

by which Tween 80 'may act  to increase  the incidence of tumors  produced by methylchol- 

anthrene: 

1) By virtue of i t s  surface-active propert ies,  Tween 80 is capable of bringing 

ab0ut.a better  contact between methylcholanthrene and the gastrointestinal t rac t  mu- 

cosa.  The enhancing effect of surface-active agents on the gastrointestinal action of 

carcinogenic hydrocarbons was pointed out ea r ly  by Lorenz and Stewart. 5-8 

Whereas squamous-cell  carcinoma of the forestomach can be produced with the 

aid of surface-active agents, adenocarcinoma of the glandular stomach has  not been 

s o  produced. The difficulty in bringing the carcinogenic agent into intimate contact 

with the mucus-covered glandular stomach was  suggested in  1939 by Van Prohaska,  



Brunschwig, and wilson18 a s  the primary cause for their failure to induce gastric 

adenocarcinoma by feeding methylcholanthrene to mice. Since then, other investiga- 

tors  19-23 have made similar postulations from work with such other experimental 

animals a s  dogs. This concept of the existence of a "protective mucous barr ier"  

gained experimental support when it was found that implantation. or injection of car-  

cinogenic agents directly into the wall of the glandular stomach, thus bypassing the 

so-called mucous barr ier ,  resulted in the production of a d e n o c a r ~ i n o r n a . ~ ~  In our 

experiment, an attempt was made to study the ability of Tween 80 to bring about sur-  

face contact of methylcholanthrene with the glandular stomach despite this mucous 

barr ier .  No adenocarcinoma with proved metastases was produced. However, there 

were proliferative changes in the gastric glandular mucosa a s  well a s  invasion of the 

glands below the muscularis mucosae. The significance of these lesions could not be 

fully assessed because the regional lymph nodes were not taken for histologic exam- 

ination. Furthermore, there was no way of predicting how far these lesions would 

have progressed had the animals lived longer. 

2) By virtue of i ts  emulsifying action and i t s  ability to bring about surface con- 

tact, Tween 80 i s  able to increase the absorption and transportation of methylcholan- 

threne across  the gastrointestinal tract mucosa, so that this carcinogenic agent is 

available in greater quantity for the induction of tumors at s i tes  distant from the gas- 

trointestinal tract. 

3) Tween 80, if absorbed with methylcholanthrene, could conceivably facilitate 

the penetration of methylcholanthrene into cells of target tissues distant from the 

gastrointestinal tract. such a s  the lungs. Krantz et.125 indicated that approximately 

5% of the Tween 80 ingested orally by man i s  in some way absorbed and metabo- 

lized by the body. Since only a very small  concentration of Tween is needed to solu- 

bilize carcinogenic hydrocarbon,3 it is not inconceivable that the small amount of 

Tween 80 absorbed would facilitate the penetration of methylcholanthrene into the 

cells of target tissues distant from the gastrointestinal tract, thus leading to an in- 

creased incidence of tumors in these tissues. 

The effect of Tween 80 on the "induction time" for various tumors caused by methyl- 

cholanthrene was not consistent. The so-called induction time for a tumor in this investi- 

gation depended on when the animal bearing the particular lesion died. 

Few studies have been carried out on the absorption, metab_olism, and excretion of 

orally-administered methylcholanthrene. However, studies on related hydrocarbons show 

that, in general, when this kind of compound is ingested, most of it is passed unchanged in 

the feces and part of it i s  absorbed. The absorbed fraction is partly excreted in the bile 

and urine, and partly retained in certain tissues, such a s  adipose tissue and intestinal wall. 

When methylcholanthrene is absorbed from the intestinal tract, there a r e  2 possible 

routes by which it can reach the, general circulation: 1) It can be carried in the blood 

thrpugh the portal system into the systemic venous_circulation, or  2) it can be carried in 

the lymph through the thoracic duct into the systemic venous circulation. If the first  route 
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is the primary one, there might be a high incidence of hepatomas, for the liver would be 

the first  target organ. On the other hand, i f  most of the rnethylcholanthrene enters the 

thoracic duct, one would expect a high incidence of lung tumors, for the lungs would then 

be the first target organs for the absorbed rnethylcholanthrene, excluding the heart. The 

unusually high incidence of lung tumors in this experiment (74.1% of the animals in ~ r o u p  

IV and 44.4% in Group II), together with the remarkably low incidence of hepatomas (0% 

of the animals of Group I1 and 3.7% in Group IV), suggests that methylcholanthrene is ab- 

sorbed primarily,through the lymphatics. However, the high incidence of lung tumors and 

the low incidence of hepatomas could simply be a reflection of the marked difference in 

susceptibility of the 2 organs to rnethylcholanthrene. If one assumes, however, that the 

rnethylcholanthrene in the intestine is absorbed through the lymphatics, one could explain 

the occurrence of chylous ascites and chylothorax in mice fed methylcholanthrene over a 

prolonged period. This phenomenon was observed in one of our preliminary experiments 

a s  well a s  by Lorenz and Stewart. 5 

It i s  known that the methylcholanthrene molecule has an affinity for both fat and pro- 

tein. In the lymphatics that drain the'intestinal tract, the fat content of the lymph i s  high. 

The methylcholanthrene absorbed therefore tends to remain dissolved in fat. As the lymph 

from the intestine drains into the thoracic duct, however, i t s  fat content is gradually di- 

luted by the lymph drained from the thoracic region. As a result, the rnethylcholanthrene 

may come out of solution and become attached to the protein of the endothelial-lining cells 

of the lymphatics. Since methylcholanthrene is a cytotoxic agent, it may damage the endo- 

thelial cells and cause fibrosis in the wall of the lymphatics. If rnethylcholanthrene is fed 

continuously over a long period, the fibrosis thus produced could be severe enough to 

cause an obstruction of the thoracic duct. As a result, there may be leakage of lymph from 

the lymphatics proximal to the site of obstruction due to back pressure. It should be r e -  

. called that chylous ascites and chylothorax were observed only in animals fed methylchol- 

anthrene over a period of 6 months or  more. The conditions were not observed in animals 

fed rnethylcholanthrene for 3 months o r  less. The absence of chylous ascites and chylo- 

thorax in the latter animals could have been due to the fact that, a s  the carcinogen in the 

diet was withdrawn early, the fibrosis it caused in the thoracic duct would not be severe 

enough to cause obstruction. 

In view of the fact that cholesterol, a structurally similar compound, has been dem- 

onstrated to be absorbed from the intestine via the lymphatics,26'27it seems likely that 

methylcholanthrene would be absorbed in the same fashion. 

In conclusion, it should be mentioned that gastric cancer i s  essentially a human dis- 

ease,  occurring rarely in animals. 28-30 However, recently, a high incidence of spontane- 

ous carcinoma of the glandular stomach has been reported in a South African rodent. 3 1 

Although carcinomas have been induced experimentally in the squamous cell-lined fore- 

stomach of mice by feeding carcinogenic compounds, adenocarcinomas of the glandular 

stomach have not been so produced. Thus far,  only "hyper plastic" or  "adenomatous" le - 
8 sions have been induced in the stomachs of mice and monkeys32 by the feeding method. 
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Never the less ,  the theory  that g a s t r i c  cance r  is caused  by a l imen ta ry  carcinogens,  perhaps  
' 

ac t ing  on ext raordinar i ly  highly susceptible ce l l s ,  is s t i l l  the mos t  a t t rac t ive .  It  is for  t h i s  

r e a s o n  that all the exper imenta l  e f for t s  thus f a r  expended a r e  justified. 
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LONG-TERM SURVIVAL O F  IRRADIATED MICE TREATED WITH 

HOMOLOGOUS TISSUE SUSPENSIONS* 

E. L. Simmons, L. 0. Jacobson, E .  K. Marks,  and E. 0. Gaston 

Recently. Barnes  @.' reported. the 150-day survival  of 950-r X-irradiated CBA 

mice  t rea ted with spleen o r  l iver suspensions f rom newborn o r  unborn C57BL mice. 

In a.n at tempt to clarify the secondary phase of the irradiat ion death syndrome, Uphoff 
2 

observed the 90-day survival  of 800-r X-irradiated (C57BL x DBA/2)F1 hybrids follow- 

ing injections of suspensions made f rom C57BL or  DBA/2 t issues.  She reported that the 

use of fetal hematopoietic t i s sues  precluded the secondary phase of the irradiat ion syn- 

d rome for 90 days post-irradiation, whereas  injection of bone marrow suspensions did 

not. 
3 In 1956 we observed that no secondary deaths occurred when lethally irradiated 

rabbi ts  were  injected with embryonic o r  newborn mouse t i ssues ,  and that rabbi ts  s o  

t rea ted were  alive after  150 days. Many of these rabbi ts  a r e ,  in  fact, s t i l l  alive after  
4 three  and one-half years .  We had previously reported in 1954 that suspensions made 

f rom fetal  C F  No. 1 mouse l iver,  o r  spleen and liver f rom newborn mice ,  were  more  ef- 

fective on a cell  count bas is  than suspensions of mature  t issue i n  enhancing the 30-day 

survival  of irradiated (900 r )  mice  of the same  strain.  C F  No. 1 mice which were  treated . 

with hematopoietic t i ssues  f rom young o r  unborn C F  No. 1, C57BL/6,  o r  LAFl mice fol- 

lowing 750 r total-body X radiation have now lived out their  life span, and the long-term 

survival  r e su l t s  a r e  shown in Table 1. Irradiated C F  No. 1 mice survived longer when 

injected with fetal l iver o r  spleen suspensions from newborn mice than when treated 

with an  equal number of C57BL/6 o r  C F  No. 1 bone marrow cel ls .  

Although the C F  No. 1 s t ra in  is no longer maintained by s t r i c t  inbreeding, post- 

i r radia t ion treatment with C F  No. 1 fetal o r  newborn t i ssues  resulted in longer survival  

than did s imi lar  treatment with C 5 7 B ~ / 6  o r  LAFl t issues.  

* 
Reprint of a paper that appears  in Nature, 183:556, 1959. 

' 



Table 1 

E F F E C T  OF C F  NO. 1, C57BL/6,  OR LAFl  TISSUE SUSPENSIONS ON 

SURVIVAL O F  10- TO 12-WEEK-OLD C F  NO. 1 FEMALE MICE 

EXPOSED TO 750 r TOTAL-BODY X RADIATION 
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Day of las t  
death 

515 

121 

52 5 

406 

483 

546 

497 

36 5 

2 s t i l l  alive 
a t  910 days 

Donor t i ssue  

C F  No. 1 bone marrow 
(7-8 weeks) 

C 57BLl6 bone marrow 
(7-8 weeks) 

CF' No. 1 baby spleen 

C 57BL/ 6 baby spleen 

LAFl baby spleen 

C F  No. 1 embryo l iver 

C57BL/6 embryo l iver 

'Loc k e l s  solution 

Untreated C F  No. 1 

Mice 
treated 

(no. 

3 6 

36' 

44 
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34 

4 5 
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7 5 

10 

No. surviving a t  intervals 
shown 

28 
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16 

9 

11 

31 

18 

3 

10 

(days) 
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17 

0 

9 

5 

6 

24 

11 
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ISOTOPES DECAYING BY ELECTRON CAPTURE: 

A NEW MODALITY IN BRACHYTHERAPY* 

P. V. Harper ,  K. A. Lathrop, L. ~ a l d w i n , t  Y. 0 d a , t  and L. ~ r ~ s h t a l t  

Severa l  means have been devised for reducing radiation hazards  during the surgical  

implantation of the radioactive mater ia l  because the surgeon's  hands must  r emain  in  thc 

radiat ion fie1.d for a substantial length of t ime.  

One means of preventing excessive irradiat ion is to use an  isotope that decays by 

e lec t ron capture,  emitting suft character is t ic  fluorescent X radiation. A number of consid- 

era t ions  l imit  drast ically the choice of radyoactive material .  The physical and chemical 

proper t ies  must be suitable. The atomic number must  be within a cer ta in  range. The char-  

ac te r i s t i c  K radiation of high Z elements overlaps the lower end of the gamma-ray range,  

and one loses  the principal advantage of the soft X rays ,  which is ease  of shielding. O n  the 

other hand, the low Z elements have very  soft character is t ic  X radiat ion which is absorbed 

in  t i ssue  in much the same  way a s  beta radiation, and has  no obvious advantage over this  

type of source,  These considerations limit Z to values between approximately 45 and 70. It 

s e e w s  desirable to use a mater ia l  with a limited half-life, i .e.,  something l e s s  than 2 o r  3 

weeks and something g rea te r  than 2 o r  3 days. The isotope chosen cannot emit  additional 

undesirable radiation of significant intensity, o r  have undesirable activit ies produced by 

daughter isotopes. The fac tors  involved in. the production of the isotope a r e ,  of course,  of 

p r imary  importance. The natural abundance of the precursor  isotope should be sufficient 

enough to avoid the necessi ty of using an enriched target  mater ia l ,  and for financial r e a -  

sons  i t  would be des i rable  to use  reactor-produced ra the r  t:.an accelerator-produced iso-  

topes s o  that the c r o s s  section for thermal  neutrons should be sufficiently large  and the 

c r o s s  sections of accompanying isotopes of the same  element must  be sufficiently smal l  

to avoid ser ious  flux depression. 

Two isotopes which seem to satisfy the above-mentioned c r i t e r i a  a r e  cesium-131 and 

palladium-103. While both require  for production a high thermal  neutron flux, it appears  

that continued development in reactor  technology should soon make this  readily available, 

and thus production can be practical  a t  multicurie levels. Pre l iminary  work on production 

and the development of methods for calibration a r e  described in this paper. Pre l iminary  

dosimetr ic  and pathologic studies a r e  a lso  discussed.  

Cesium-131 does not form any suitable insoluble compounds that can be used for in- 

* 
Based on paper that will appear in the Proceedings of the Second International Con- 

ference on the Peaceful Uses  of Atomic Energy,  Geneva, 1958. 

t ~ h e  Department of Surgery,  The University of Chicago. 



te rs t i t ia l  i rradiat ion,  but i t  may be used in solution in applicators such a s  those described 

by Harper  u.' The isotope decays by electron capture to xenon-131, with a half-life of 

9.7 days, emitting the character is t ic  fluorescent radiat ion of xenon, the principal compo- 

nents of which, the K alpha and K beta lines, have energies  of about 30 KV. The gamma- 

r a y  dose-ra te  constant for this  radiation is .8 r per hr  a t  1 cm,  and i t s  half-value depth in 

water,  calculated from the t rue  absorption coefficient, is about 5 cm. Thus the dosimetry 

in an  implant of this  isotope should not differ radically f rom that of a conventional implant 

with a gamma-ray source,  and the quantity of isotope necessary  for a large  implant can 

be est irr~ated a t  200 to 300 mc. The advantage of using cesium-131 instead of gamma- 

emitting isotopes is in shielding character is t ics ,  .2 m m  of lead providing virtually com- 

plete shielding of the soft X r a y s ,  thereby avoiding the use of heavy clumsy equipment and 

greatly facilitating handling procedures.  The only other radiation emitted by cesium- 131 

is the very  weak inner bremsstrahlung.  
2 

Cesium-131 is produced by neutron irradiat ion of the naturally-occurring barium-130, 

which captures  a neutron, becoming barium-131. This  then decays with a 11.5-day half- 

% 
life to cesium-131, which subsequently decays with a 9.7-day half-life to stable xenon-131. 

The natural  abundance of the p recursor  barium-130 is low ( . lo1  per cent). A value of the 

thermal  neutron c r o s s  section for the reaction Ba130 ". Ba131 of about 30 mill ibarns 

has  been reported by Yaffe and his   coworker^.^ This was a t  f i r s t  generally accepted, 4-6 

7 although an e a r l i e r  r epor t  by Katcoff gave a much higher value of 6 ba rns  for this  c r o s s  

section. Katcoff based h i s  es t imate  of the c r o s s  section on the a s s a y  of cesium-131 by 

measuring the K radiation, assuming a counting efficiency of 1 per cent. A soft component 

of the radiation was interpreted by Katcoff as L radiation, and no evidence of gamma-ray 

activity was found. The smal le r  c r o s s  section found by Yaffe et.1.3 was based on the e a r -  

l ier  observations of Fu-Chun Yu et.1.8 that the soft compdnent of the r a d i a t i o ~  of cesium- 

131 represented conversion electrons f rom a highly (97 per cent) converted 145-KV gamma 

ray.  Basing their  a s say  on this  decay scheme and apparently measuring the soft radiation 

on the assumption that i t  was  conversion electrons,  they found a c r o s s  section smal ler  by 

a factor of 200 than that of Katcoff. A detailed analysis  by Cork of the decay scheme 

of barium- 13 1, using a n  enriched bar ium- 130 sample for activation, revealed no evidence 

whatever of the 145-KV gamma r a y  found by the Fu-Chun Yu group. A repor t  by Kondaiah 
10 

indicates that thc conversion e lec t rons ,  believed to originate in cesium-131, actually came 

from the parent barium- 13 1. 

Our own measurements  were  performed on a cesium-131 sample separated from bar -  

ium nitrate that was i r radia ted  with thermal  neutrons a t  Oak Ridge National Laboratory. 

The barium was removed a s  the sulfate, by precipitation, and the supernatant containing 

the cesium was evaporated to dryness.  Measurements of radioactivity were made with a 

thin-window Geiger tube. The absorption curve in aluminum (Figure 1) was a lmost  identi- 

ca l  with that published by Yaffe and his  associates.  The soft component has  a m a s s  absorp- 

tion coefficient in aluminum that corresponds to a wave length of about 3 A. The absorp- 

tion coefficient of this  component in polyethylene sheeting (86 per  cent carbon) corresponds 
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Figure  1. Aluminum absorption curve  of radia-  
tion f rom ~ ~ 1 3 1  source. A thin-window, helium- 
filled G-M tube was used. (Trace r -Lab  TGC-2) 

0 

to a wave length of 2.7 A (Figure  2). This  observation can be explained only on the bas i s  

that the radiation is electromagnetic r a the r  than conversion electrons.  The character is t ic  

L radiation l ines of xenon a r e  between 2.3 and 2.6 11, which is in  fair  agreement with the 

absorption measurements.  Pass ing the radiation f rom .the cesium- 13 1 sample through a 

3000-gauss magnetic field (Figure  2) did'not a l t e r  the soft component of the radiation, 

again indicating that the soft component is electromagnetic in.nature and not composed of 

conversion electrons.  It was therefore concluded that the 30-millibarn c r o s s  section was 

in  e r r o r  and that the 6-barn c r o s s  section was more  nearly correct .  Using the lat ter  fig- 

u re ,  the activation of a mole of natural  barium for 4 weeks in a flux of 2 x 1013 neutrons 
2 

per c m  per second, should produce about a cur ie  of cesium-131. The absorption c r o s s  

section of natural  barium is sufficiently low, 1.38 barns ,  to avoid ser ious  flux.depression 

even with this large  m a s s  of material ,  and no other noxious isotope is formed in signifi- 
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Figure  2. Aluminum and carbon absorption curves  
of radiation f rom cs131 source.  A thin-window, 
argon-filled G-M tube was used. (Trace r  Lab TG-C 
3A). Note that the relat ive counting efficiency of the 
soft component is severa l  t imes  greater  than that ob- 
tained with helium-filled tube. Pass ing radiation 
through 3000-Gauss magnetic field has  no appreciable 
effect. 

cant quantities. Thus, the production of the isotope appeared practical. 

Since the radiation f rom cesium-131, a s  judged by means  of a thin-window argon- 

filled Geiger tube, appeared to consist  almost  solely of K and L radiation, i t  seemed fea- 

sible to use K, L coincidence measurements  a s  a method of assay.  The L radiation is com- 

pletely separated f rom the K radiat ion by 20 mg per cm2 of aluminum, while the mica win- 

dow of the tube shields out M and N radiat ions and Auger electrons.  It was necessary  to 

make additional correct ions  since only K alpha photons a r e  accompanied. by coincident L 

photons. K photons a r e  extraneous,  and a number of extraneous L photons a r i s e  ,from L 

capture (14.6 per cent) and f rom the Auger transit ions involving the L shell. The relat ive 

strengths of these transit ions have been measured1' s o  these correct ions  can be made, 

and thus absolute a ssay  of cesium-131 samples  of the o rde r  of 1 p c  can be done. It was 

possible to confirm measurements  made in  this  way by measuring directly.  the ionization 

produced by the K radiation, using 100-200 p c  quantities of cesium-131. The sample was 

placed in the center  of a n  open a i r  chamber modified to increase  the sensitive volume a s  



shown in Figure 3. Correct ions  were  made for self-absorption in the source ,  L capture,  

and fluorescence yield. Although these measurements  fall 30 per cent above the coinci- 

dence measurements ,  the o r d e r  of magnitude of the activity appears  to be f irmly estab- 

lished. Using these methods of assay,  the c r o s s  section of barium-130'for pile neutrons 

l i e s  between 5 and 10 barns .  

SAMPLE IN CENTRIFUGE TUBE 
/ - /ACCELERATING ELECTRODE 

- 47 OLLECTING ELECTRODE 

Fi u r e  3. Modified open a i r  cha'mber for measuring 
Csq31 K radiation. Modification p rese rves  standard 
geometry and increases  sensitive volume approximat- 
ing 100 fold. 

The production of cesium-131 in cur ie  quantities presented some problems in the 

processing of 100-g quantities of barium. It was found possible to accomplish this  without 

using elaborate facilities by irradiat ing barium in the form of metal  and then distilling off 

the daughter cesium in  a n  iner t  atmosphere.  The barium was f i r s t  prepared by melting i t  

in a s tee l  pipe, one end of which was welded shut. Helium was bubbled through the molten 

barium, and it ca r r i ed  with it the volatile impurities. The barium slug was then removed 

f rom the pipe, sealed in aluminum, and irradiated.  Following irradiat ion,  i t  was placed in 

a distillation apparatus (Figure  4). The vesse l  was purged with helium, and distillation was 

ca r r i ed  out a t  8 5 0 ' ~ .  The distillation proceeded ve ry  rapidly, being complete in a n  hour. 

Experiments were  ca r r i ed  out with a barium magnesium alloy that has  a eutectic melting 

point a t  38o0c.l2 Although th is  method was fair ly successful, significant amounts of mag- 

nesium distilled over with the cesium and caused some difficulties in handling. It was nec- 



essary to use helium for the inert atmosphere during the distillation because argon pro- 

duced considerable convection. It was found convenient, however, to substitute the heavier 

argon for helium in the distillation chamber after it had cooled before opening the cham- 

ber in order to reduce access of a i r  to the reactive barium metal. The cesium, together 

with some barium that condensed a s  a white deposit, was removed by washing the cold 

finger in a large lead glass test tube containing dilute nitric acid. Car r ie r  cesium was 

added, and then the cesium activity was precipitated with perchloric acid and ethanol. In 

view of the explosive nature of perchloric acid it seems desirable to use another method 

of separation at this point. The cesium perchlorate precipitate was then reduced to the 

chloride by heating, in which form it was ready for assay or use. 

GUIDE RODS 

OOLING COIL 

STAINLESS STEEL JAC.KET 
INSULATED BAFFLE 

ALUMINUM COLD FINGER 
IRON DISTILLATION VESSEL 

MOLTEN BARIUM 

Figure 4. Apparatus for recovering daughter ~s~~~ from 
melted barium metal by distillation a t  850°C. 

Because of the very large scattering coefficient in water for .the 30-KV X rays,  it was 

of considerable interest to measure dose rat ios  in a i r  and water at various distances from 

a small source of cesium-131. This was done by using small cylindrical lucite ionization 

chambers with aquadag electrodes. The resul ts  a r e  shown in Figure 5 and a r e  compared 

with similar measurements for radium.13 Clearly evident is the marked effect of hick- 
scatter; which has the net result of increasing the localization of the radiation field sur-  

rounding the point source. 

Substantial implants, using cesium- 13 1, were implanted 'in plastic applicators into ex- 



perimental animals.14 The ease of handling the isotope a s  compared with similar proce- 

dures using gamma-emitting isotopes was very impressive a s  far a s  radiation exposure 

to the operator was concerned. As far a s  the dosimetry is concerned, for small implants 

of the order of 2 cm or  so in greatest dimension, no modification of conventional dosim- 

etry seems necessary. For larger implants, modification might be desirable in order to 

maintain an even radiation field. 

In the event of an accident in which the entire isotopic contents of an implant might 

be distributed throughout the body, the radiation dosage to the entire body would not ap- 

proach dangerous levels even though the isotope remained within the body. 

2 4 6' 8 i0 12 
cm FROM SOURCE 

Figure 5. Water /a i r  dose ratios at  various dis- 
tances from small sources of Ra and cs131. 

The other isotope under consideration, palladium-103, has a half-life of 17 days, de- 

caying entirely by electron capture. This is accompanied by a number of very weak gam- 

ma  rays  with intensities of 'to photons per disintegration.15 These a re  negligi- 

ble from the point of view of radiation dosage. The daughter, rhodium-103, has a 54-min- 

ute metastable state emitting a. 40-KV gamma ray that i s  almost completely converted in 

the L shell, so that for all  practical purposes the only radiations of significance a re  the 

characteristic 20-KV radiation of rhodium and the 37-KV conversion electrons whose 

range in tissue i s  approximately 30 p.  

The 20-KV X radiation has a half-value depth in tissue of approximately 1 cm, and the 



photoelectric absorption cross section, unlike the radiation from cesium, is much greater 

than the scattering cross section, so that the true absorption coefficient gives a good ap- 

proximation for attenuation. 
pd103 is produced by irradiation of palladium metal. The precursor isotope palladi- 

um-102 has a natural abundance of 1.0 per cent, and the cross section for thermal neutron 
I activation is 4.8 barns. l6 Other activities that a re  induced in the palladium a re  the 13.6- 

Figure 6. Inert palladium black suspensian in 6 per cent gelatin 
injected into rat  100 days previously. Omentum showing slow mi- 
gration in large lymphatics. 

hour palladium- 109 and the 22-minute palladium-1 11, which decays to 7.5-day silver- 11 1. 

Thus, before using irradiated palladium, it  is necessary to allow the 13.6-hour activity to 

decay and to separate chemically the silver activity. In addition, particular atteation must 

be paid to impurities in the platinum group, especially that of iridium wMch has a long 
half-life and a high cross section for thermal neutron activation. We have found that even 

when using palladium of the highest commercial purity available (99.95 per cent), i t  was  
still necessary to car ry  out glyoxime precipitation from a neutral solution in order to r e -  

move traces of iridium activity from the final product. This is best done prior to irradia- 
tion. Removing the silver activity presents no great difficulty. The irr'adiated sample is 
dissolved in warm aqua regia; it is diluted and then scavenged with repeated small quan- 



tities of silver nitrate. The silver-111 is carried down with the silver chloride precipitate, 

leaving the f inal  solution free from detectable silver activity. 

Assay of the palladium has been done by determining the silver-111 content after sep- 

aration from the palladium, using geometrical beta counting and then calculating the palla- 

dium activity from the cross sections. 

In using palladium- 103 therapeutically it seems unlikely that it will be possible to ob- 

Figure 7. Inert palladium black suspension in 6 per cent gelatin inject- 
ed into ra t  100 days previously. Serosal surface of abdominal wall show- 
ing nature of granuloma formation around palladium. 

;"' 8 8 -  ' ,c ,, 
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tain a specific activity that is high enough to use the material in plastic applicators in 
which very small volumes of solution are required. However, palladium can, with ease, be 

precipitated as  palladium black, which can be injected into tissue a s  a suspension. If the 

suspension is sufficiently coarse it should remain more or less where it is placed so that 

the location of the radiation field should be adequately controlled. Preliminary experiments 

in which suspensions of palladium black in gelatin were injected into experimental animals 

indicate very little reaction of the tissue to the injected material, and while there appears 

to be some migration, it is slow (Figures 6, 7, and 8). 

In considering the radiation dosimetry of palladium- 103, each disintegration releases 

into the surrounding medium 17 KV of energy a s  characteristic K X radiation, and about 



40 KV of energy a s  conversion electrons, principally the 37 -KV line. Other radiations such 

as  the L X rays and the very weak gamma rays a re  ignored in these considerations. In a 
continuous distribution a s  with the isotope in solution, the 37-KV conversion electrons can 
not be ignored, but with the isotope distributed a s  discrete sources through the tissue the 

range of '- 5 conversion electrons (about 30 p )  becomes negligible. 
If we consider a very large implant, there will be a region in the center in which ra-  

aiation leaving the region will be replaced by radiation from the surrounding regions, so 
that dose calculations may be carried out in the same way a s  for an evenly distributed 

Figure 8. Inert palladium black suspension in 6 per cent gelatin inject- 
ed into ra t  100 days previously. Serosal surface of abdominal wall show- 
ing nature of granuloma formation around palladium. 

beta source. Thus, a uniform distribution of palladium with an isotope density of 1 mc 

per cc would give a radiation dosage of approximately 20,000 rads per mc. In order to 

achieve this isotope density, it would be necessary to have 2 or 3 mg of palladium dis- 
tributed per cc of implant. If we consider a very small implant in which the absorption 

in tissue becomes negligible,'then 3 to 4 times a s  much isotope per cc are  required to 
produce the same dosage from soft X radiation a s  in the central region in the very large 

implant. These are  the limits between which we must work in establishing dose distribu- 

I tion for implants of various sizes, and the upper limit appears to be well within the range 

a of mactical wssibility. 



These calculations a re  based on a uniform distribution for the large implant; Pater- 

son-Parker distribution is assumed for the small implant. When the distributed sources 

a r e  condensed into discrete sources placed in a 1-cm lattice, the radiation field at the 

lowest point in the lattice drops about 40 per cent. Thus a more or  less even dose distri- 

bution is maintained in such an implant in sharp contrast to that produced by a beta emit- 

te r  under similar circumstances, where the dose distribution varies by many factors of 10. 

It must be remembered that palladium has a mass absorption coefficient of about 10 

for 20-KV X radiation, so that there may be considerable self-shielding within the implant. 

In a continuous distribution this becomes negligible, With discrete sources this is not nec- 

essarily true. In order to test this, cylindrical implants in gelatin were made 12 cm in di- 

ameter and 6-cm high. One of these contained 1 mg per cc of palladium in solution, the sec- 

ond contained a similar amount of palladium in an even suspension a s  palladium black, and 

in the third the palladium suspension was placed in the gelatin in .l-cc volumes arranged 

in a 1-cm lattice. Photographic measurements of the radiation field at the cylinder ends 

were made to permit comparison. The solution and evenly distributed suspension gave 

equal readings. The reading for the lattice distribution was 60 per cent of this, indicat- 

ing no appreciable self-absorption in the palladium under these conditions. 

While the 20-KV X radiation from palladium-103 is in a range not usually considered 

satisfactory for film dosimetry because of energy dependence of the film, we felt that it 

might be possible to use film to measure relative dosages because of the monochromatic 

nature of the radiation. The scattered radiation should not be degraded appreciably a s  the 

change in energy in Compton scattering is very slight at this wave length. In order to test 

this, radiation from a palladium sample was recorded with a 256-channel Argonne type 

pulse height analyzer, and then, without changing the geometry otherwise, 6.4 cm of lucite 

was placed between the source and the scintillation head which reduced the radiation to 

3 per cent of i t s  original intensity. The shift in energy was very slight. (Figure 9). 

Our investigations of the dosage problems involved in use of palladium-103 indicate 

that it should be possible to use the material clinically with reasonably certain estimates 

of the radiation dosage being administered. Figure 10 shows the effect of a palladium-103 

implant in subcutaneous tissue of a rat. Injection of the material into the retroperitoneal 

tissues in the pelvis of a rabbit resulted in only traces of activity in the liver after 2 weeks 

(.002-.004 per cent of the injected doselg). 

Our first  thought in clinical application of this material was in connection with carci- 

noma of the cervix and prostate. Infiltration of the parametria'? and prostate18 with radio- 

active gold has been carried out, and while dose calculations under these circumstances a r e  

made assuming uniform distribution, we a r e  not convinced that these a re  accurate, since 

distribution for a beta emitter must be a t  a cellular level in order for it to be truly effec- 

tive, a s  in the thyroid gland. We feel that a suspension of palladium-103 should give a much 

more even and more effective radiation field in the regions under consideration than gold- 

198 colloid. In addition, there is no problem of gamma radiation. Extension of this type of 

an approach to inoperable tumors of the abdominal and chest cavities becomes much more 



20 KV 
Photo Energy 

Figure 9. Fth103 K radiation before and after 
traversing 6.4-cm lucite absorber. 
Curve A. pd103 source recorded for 1 minute 

without absorber. 
Curve B. Same source and geometry; recorded 

for 24 minutes with 6.4-cm lucite ab- 
sorber. 

Note only slight shift in energy with 97 per cent 
attenuation. (Ar gonne - type 2 56 -channel pulse 
height analyzer). 

feasible using palladium-103 because of the reduced problems of exposure and handling. 

Precise measurements a re  desirable in order to confirm calculated radiation dosages. 

Absolute dose measurements of soft X rays present special problems. A very promising 

method appears to be the use of the ~e*-Fe*+ system stabilized with benzoic acid a s  
described by Adams and ~ a l k w e l l . ' ~  This is several times more sensitive than the con- 

ventional Fe++-~e+++ system, and we have been able to show, using Grenz rays, that the 
lack of energy dependence characteristic of the conventional system is retained in the ben- 

zoic acid system down to radiation with a half-value depth in water of .7 mm (30 KV, un- 

filtered). 
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P. V. Harper and K. A. Lathrop 

The frequent use of colloidal gold-198, yttrium-90, and chromic phosphate for the 

treatment of tumor ascites and for the destruction of tumor cells seeded at operation led 

us  to investigate the distribution of such substances in the peritoneal cavity. A good deal 

is known1-4 about the movement of radioactive colloidal material from the peritoneal cav- 

ity and about the concentration of isotopes in various intra-abdominal organs following 

intraperitoneal injection. Radioautographic have shown that these materials 

tend to deposit irregularly upon the serosal surfaces within the peritoneal cavity. To the 

best of our knowledge, no systematic studies have been made of the variations in distribu- 

tion upon peritoneal surfaces a s  influenced by various experimental factors. Interest in 

this problem evolved during our work on the prevention of intraperitoneal tumor implants 

with intraperitoneal implantation of radioactive colloidal material, such a s  radioactive 
7 gold and yttrium. 

Radioactive colloidal gold and radioactive yttrium chloride were injected intraperi- 

toneally into 250-g ra ts  under various circumstances. After sacrifice, the abdominal wall 

and viscera were laid out on a sheet of filter paper and then sealed in a polyethylene en- 

velope, which was laid on photographic film to obtain gross radioautographs of the actual 

organs. Ten-minute exposures to the film were adequate for specimens from ra t s  that had 

received approximately 100 pc of yg0. The factors which were studied were time, carr ier  

level, nature and volume of solvent, and presence of inflammation. 

Radioautographs of the various preparations give a qualitative but striking demonstra- 

tion of the intra-abdominal distribution of the radioactive material. 

A comparison of Figures 1, 2, and 3 reveals the intra-abdominal distribution at 1, 3, 

and 6 days following the injection of 1 mg of carr ier  yttrium a s  YC13, pH5, in 1.0 ml of 

0.9 per cent NaC1. A marked uptake is seen in the omentum and in the lymphatics and 

lymph nodes of the mesentery. With this level of carr ier ,  a moderate parenchymal uptake 

in the liver and spleen is also visible. It is easy to distinguish between the activity depos- 

ited on the surfaces of the organs, which gives dark irregular patches, and the parenchy- 

mal deposition, which gives a diffuse, even-darkening on the film. Darkened areas that ap- 

pear to be engorged lymphatics are  readily discernible. There is no dramatic difference 

between the 1- and 3-day preparations, but at 6 days there is a marked translocation to 

the liver and especially to the spleen. The same pattern of uptake in the omentum and 

* 
Based on a paper that will appear in the Proceedings of the Second International Con- 

ference on the Peaceful Uses of Atomic Energy, Geneva, 1958. 
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Figure 2. Gross radioautograph of 
intra-abdominal organs of ra ts  follow - 
ing intraperitoneal injection of yg0c13 
in 1 ml of .9 per cent NaCl with 1 mg 
of Y+++ carrier: 3 days - following , injec- 
tion. I , 

- 
1' t7 - I 

~ i & r e - l .  Gross radioautograph of 
intra-abdominal organs of ra ts  follow- 
ing intraperitoneal injection of yg0c13 
in 1 ml of .9 per cent NaCl with 1 mg 
of Y*+ carrier: 1 day followirig injec- 
tion. 

Marked uptake is evident in the omentum and in the lymphatics and lymph nodes 
of the mesentery. There is a moderate parenchymal uptake in the liver and 
spleen which becomes more marked with time. Localization in thd abdominal 
wall is not marked. . , - \ I : - ,  11 A - - - ,1 >,;.-., L 1 -  J f ,  + . . . '  I T 

I .  I - !  . i  . / , I . . .  - - 1  
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LIV = liver; SP = spleen; OM = omentum; ABD = abdominal wall. # I ,  - 
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Figure 3. Gross radioautograph of 
intra-abdominal organs of r a t s  follow - 
ing intraperitoneal injection of ~ 9 0 ~ 1 ~  
in 1 ml of .9 per cent NaCl with 1 mg 
of Y+* carrier: 6 days following injec- 
tion. 

Marked uptake is evident in the omentum and in the lymphatics and 
lymph nodes of the mesentery. There is a moderate parenchymal up- 
take in the liver and spleen which becomes more marked with time. 
Localization in the abdominal wall is not marked. 

lymphatics was seen within one-half hour or  less, and subsequent changes were relatively 

slow. In point of fact the one-half and 24-hour preparations were almost indistinguishable. 

In Figures 4, 5, 6, and 7 is shown the effect of varying the amount of carr ier  yttrium 

with other factors remaining constant. The isotope was injected in 1 ml of 0.9 per cent 

NaC1, pH5. In Figure 4 (carrier-free), the most marked localization is shown to be in the 

liver, but the whole picture is less distinct. In contrast, 1 mg, 3 mg, and 10 mg of carrier 

produce a decreasing tendency to parenchymal localization, and a greater tendency to 



Figure 4. Gross radioautograph show- 
ing effect of carrier y+++ on intraperi- 
toneal distribution. Material injected in 
1.0 ml of 0.9 per cent NaC1, carrier- 
free: 24 hours following injection. 

Increasing the amount of carrier reduces the amount of parenchymal localization 
in the liver evident with carrier-free yttrium and 1 mg of carrier Y+++. Further 
increases of carrier level result in patchy distribution of isotope on surfaces in 
areas of localized fibrinous peritonitis. 'i J L ~ ~ C  



Figure 7. Gross r ad ioau to~aph  
showing effect of carr ier  Y ++ on 
intraperitoneal distribution. Ma- 
terial injected in 1.0 ml of 0.9 per 
cent NaCl, 10 mg carr ier  Y+*: 72 
hours following injection. 

Increasing the amount of carr ier  reduces the amount of parenchymal localization 
in the liver evident with carrier-free yttrium and 1 mg of carr ier  Y*+. Further 
increases of carr ier  level result in patchy distribution of isotope on surfaces in 
areas of localized fibrinous peritonitis. 
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.. localize on peritoneal surfaces, especially of the liver. The gross appearance of the spec- 

ens is consistent with the radioautographic results; white patches of yttrium hydroxide 

being evident on the peritoneal surfaces, especially of the liver. With 10 mg of yttrium, 

there was a substantial chemical peritonitis, with patches of fibrinous exudate on the peri- 

toneal surfaces. The activity appeared to be incorporated in these areas areas a s  illus- 

trated by the radioautograph of the abdominal wall (Figure 7). The effect of local peritonitis 

Figure 9. 

Figure 8. RadiWuOog@aph showing maeked localisation of aafivity in re- 
gion of laparotmy wound 09 pat following i x i t r ~ ~ r i t o ~ ~ a 1  injection of 1 .O 
ml of 0.9 p r  cent N8Gl contaiidtlg eC1 + 3.4: mg carrier. Injection made 
one-half hour following c l o s u ~ e  of wound: animal saerificed 24 hrs foliow- 
ing injection. 

Ftpurs 9. Maf%wd bc'atization of p@@ in a r~ ior  abdomirml wall of rat 
24 hrs aftat ~-ap@r)i'Eoqe&l %ajeetbn of yg& + 8.0 nag of cam%icsr in 6.0 
tnl 0.9 pw.cent N&I. 



was studied further (Figure 8). Experimental animals were subjected to laparotomy one- 

half hour before they were injected with ygO with 3 mg of carrier Y" in 1 ml of 0.9 per 

cent saline. A very marked localization of the isotope was observed in the abdominal wall, 

in the region of the fresh laparotomy wound. The contrast with the deposition pattern shown 

in Figure 6 is obvious. 

When the volume of the solution containing yttrium was increased to 6 ml, the remark- 

Figure 10. Radioautograph 24 hrs after intraperitoneal injection of ygO 
+ 3.0 mg of carrier in 6.0 ml of human serum. Contrast this with Figure 
9. There is marked parenchymal localization in the presence of serum 
protein which is almost completely absent when the isotope is dissolved 
in 0.9 per cent NaC1. This is probably due to chelation of the carrier 
yttrium by the protein. 

Figure 11. Radioautograph 24 hrs following intraperitoneal injection of 
0.2 ml colloidal gold (Aurcoloid, Abbott). Contrast this with radioauto- 
graphs of animals injected with ygO. Note translocation of isotope into 
liver after 72 hrs. 



able effect that is shown in Figure 9 was obtained. We can only interpret this as evidence 

that yttrium hydroxide precipitate had collected in the most dependent portion of the ab- 

dominal cavity, with the resultant translocation of isotope into the adjacent abdominal wall 

lymphatics, outlining the muscle fibers a s  shown. Injecting the isotope dissolved in 6 cc 

of serum gave the result shown in Figure 10. There is a very substantial increase in the 

arenchymal localization a s  compared with Figure 9, and the localization in the abdomi- 

1 wall is completely absent. This experiment was done in an effort to simulate treatment 

f tumor ascites, and the result is probably due to chelation of the injected yttrium with 

he serum protein. 4 
Figures 11 and 12 show the effect of 0.2 ml of radioactive gold colloid (Aurcoloid). 

There is a rather different pattern of distribution, with some activity still in the peritoneal 

fluid a t  24 hrs, and a conspicuous absence of omental uptake. At 72 hrs, the parenchymal 

uptake in the liver is evident. These differences a re  probably a function of particle size 

Figure 12. Radioautograph 72 hrs  following 
intraperitoneal injection of 0.2 ml colloidal 
gold (Aurcoloid, Abbott). Contrast this with 
radioautographs of animals injected with ygO. 
Note translocation of isotope into liver after 
72 hrs. 



since intraperitoneally-injected India ink gives the same pattern of localization that yttri- 

um does. 

The localization of intraperitoneal colloidal and particulate material evidently depends 

on a number of factors, the most important of which appear to be the nature of the materi- 

al, i ts quantity, and the presence of inflammation. The marked localizat~on of yttrium chlo- 

ride in the omentum, mesenteric nodes, and in the laparotomy wound follows the pathway 

of other particulate material such as carbon particles, and indeed, of tumor cells. Walker 

256 sarcoma injected intraperitoneally into ra ts  also localizes in these areas. On the basis 

of these observations it appears that yttrium chloride should prove effective in suppress- 

ing the growth of tumor cells seeded at operation. On the other hand, the behavior of yttri- 

um in serum suggests that its use in tumor ascites in which there is a fairly rapid protein 

turnover might lead to extensive translocation of the isotope unless very large amounts of 

carrier are used. Radioactive gold- 198, which is non-reactive chemically, should there- 

fore be preferable to yttrium chlorides in the treatment of tumor ascites. 
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ACQUIRED TOLERANCE TO A MOUSE LEUKEMIA IN THE RAT* 

BY 

t J. S. Thompson and C. W. Gurney 

Lymphatic leukemia, P1534, is indigenous to the DBAI2 inbred strain of mice. Suc- 

cessful passage may be accomplished in the adult DBAI2 mouse either by subcutaneous 

trocar implantation of whole tumor pieces o r  by the intraperitoneal or subcutaneous injec- 

tion of a suspension of gently homogenized liver o r  spleen obtained from animals bearing 

the ascitic form. Growth of this tumor occurs occasionally in the DBAl1 and BALBIc 

strains of mice and in the untreated golden hamster, but hcterotransplantation to the un- 

treated ra t  has not been reported. 

The successful heterotransplantation of the P1534 mouse leukemia into albino ra ts  

of either the Wistar o r  Holtzman strains was the purpose of this research. 

Newborn Holtzman ra t s  were injected subcutaneously with .1 ml of adult DBA/ 2 spleen 

cells, prepared by gentle manipulation in a glass homogenizer, suspended in Tyrodes so- 

lution. The concentration was adjusted so that approximately 20,000,000 nucleated cells 

were transferred. All initial injections were performed during the first 24 hours of life. 

The ra t s  were then subdivided, one half receiving a second injection on the 3rd day of life 

and the other half, on the 5th day. Both groups were given "reinforcing injections" every 

4 days thereafter until the ra ts  were 1 month old. Of 81 newborn so treated, only 20 sur- 

vived to 5 weeks of age, the majority dying during the 1st week. Among the surviving ani- 

mals, 6 were distinctly smaller than their litter mates of the same age. A comparison of 

the weights revealed that these animals weighed only one-half a s  much a s  the other sur- 

vivors. The hair was ruffled and sparse, yet the animals appeared active and otherwise 

grossly similar. During the 8th week, each of the 20 animals was injected subcutaneously 

with approximately 300,000,000 P1534 cells suspended in Tyrodes solution. Progressive 

growth did not occur, nor did it occur in 15 eight-week-old control Holtzman animals in- 

jected subcutaneously o r  in 15 injected intraperitoneally. Passage of 20,000,000 cells from 

this same pool proved to be fatal to adult DBAI2 mice within 14 days. 

The considerable mortality and the inability of the Holtzman ra t  to demonstrate ac- 

quired tolerance to the heterotransplant led to the selection of the Wistar strain a s  the 

host in subsequent trials. Using the same techniques of preparation and dosage a s  before, 

42 newborn Wistar r a t s  received the initial injection of adult D B A I ~  spleen cells within 24 

hours postpartum. The ra t s  were divided into 2 groups, and an injection schedule similar 

to that listed above was followed. Fourteen animals survived to the time of tumor challenge 

* 
Summary of a paper that has been accepted for publication in the Transplantation 

Bulletin. 

t ~ u b l i c  Health Service Research Fellow of the National Cancer Institute, USPHS. 



Again neither this group nor a control group of 20 ra ts  developed progressive tumor 

growth. Of particular interest, however, was the reoccurrence of "runts l1 similar to those 

seen in the original trial. We believe these runts may be different from those described 

previously because of their more hearty condition. An extensive investigation of the Wis- 

tar runt is now underway in our laboratory. 

In these experiments, approximately 20,000,000 nucleated cells from the spleens of 

DBAI2 mice bearing the leukemic form of P1534 were injected subcutaneously into new- 
born Wistar rats. Litters 1 and 2 were born on the same day and one-half of the newborn 

of each litter was interchanged. Animals in one such adjusted litter were injected on the 

1st day postpartum, the others on the third. Litters 3, 4, and 5 were born on the same day, 

and two-thirds of each of these litters were interchanged. In this case, the adjusted litters 

received the tumor; litter 3 on the 1st day, litter 4 on the 2nd day, and litter 5 on the 3rd 

day. Table 1 summarizes the results. Progressive tumor growth occurred only in those an- 

imals that had been treated within 24 hours of birth. In several instances, small masses. 

Table 1 

THE INCIDENCE OF PROGRESSIVE GROWTH OF P1534 DBAl2 

LYMPHOMA IN THE NEWBORN WISTAR RAT 

measuring less than 0.5 x 0.5 cm, appeared in animals inoculated on the 2nd or  3rd day of 

life, but these had regressed by the 21st day after inoculation. Progressive growth first 

appeared from 14 to 28 days after inoculation. Figure 1 gives the typical microscopic ap- 

pearance of the tumor in the rat, where it attained considerable size locally, measuring 

3 x 3 cm in some instances. Microscopic examination of the spleen, liver, and mesenteric 

lymph node revealed no abnormality. No leukemic cells were seen in peripheral blood 

smears examined after staining with Wright 's stain. 

It has been suggested that the newborn rat  is less mature immunologically at birth 

than other species. It must be stressed, however, that this applies for one test system; 

i.e., the production of tolerance in Wistar ra ts  to Long Evans tissue. The facts that pre- 

treatment with normal tissue, even considerable amounts over a period of 1 month, did 

not produce acquired immunologic tolerance to the P1534 tumor heterograft and that suc- 

cessful transplantation occurred only when the tumor itself was administered within the 

first 24 hours of life suggest that when heterologous antigens are involved, the period dur- 

.en No. of original litter 

No. of animals in altered litters 

Day of life tumor was implanted 

No. of animals with progressive 
tumor growth 

4 

9 

2 

019 

5 

10 

3 

0110 

1 

7 

1 

417 

2 

7 

3 

017 

1 

n 

3 

10 

1 
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Figure 1. Photomicrograph of DBAI 2 mouse lymphoma :.% 
growing subcutaneously in the Wistar rat. Hematoxylin- $2, 
eosin-azure stain. r ;d . . I - W #  $+-&+,p 
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ing which tolerance can be produced is critically shortened. Although this may represent 

the effect of qualitatively different antigens, the additional evidence obtained by others 

suggests another interpretation. It has been shown that whereas tolerance to skin homo- 

grafting cannot be initiated in the newborn rabbit, a nonreactive state to a single soluble 

antigen can be readily produced. This suggests that an important factor might be the num- 

ber of antigens involved in any donor-host combination, that is, the greater the number of 

antigens presented to the immature host, the less  likely that tolerance will be produced 

and the more critical the time and the method of i ts  production will be. 
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We have made a qualitative study of the cardioactive substances present in human 

urine after oral administration of digoxin, digitoxin, and lanatoside C and have compared 

the metabolites present with those found in r a t  urine. Previously we presented evidence 

that indicated that hydroxylation occurred at C-12 in the digitoxin molecule in human be- 
l 

ings and in rats,  thereby producing a urinary metabolite that could not be separated from 
I 

the glycoside digoxin; This evidence was based on experiments in which paper chroma- 
I tography and c14-digitoxin were used. The details of this work a r e  presented in this paper. 

Healthy adults were each given orally 1 mg of each glycoside, and the 12-hour urine 

collections were pooled. The pooled urine was treated with 40 per cent lead acetate solu- 

tion until no further precipitation occurred. The precipitate was removed by centrifuging, 

and the supernatant liquid was extracted by rolling approximately 200 ml with three suc- 

cessive portions of 150 ml of chloroform in l-liter bottles for 2 hours. The chloroform ex- 

tract was pigmented too heavily to allow direct application to paper chromatograms, and 

the following procedure was employed to remove the bulk of the pigment. The chloroform 

extract was evaporated to small bulk under reduced pressure, absorbed on 250 mg of 

washed Super-Cel, and dried, A partition column was prepared by adding 1 g of water to 

1 g of Super-Cel and packed into a column 8 mm in diameter, filled with water-saturated 

benzene, and allowed to equilibrate with this solvent. The urine extract was then packed on 

top of the column and eluted with 15-ml fractions of each of the following water-saturated 

solvents, 5) benzene; b) benzene 9, chloroform 1; 2) benzene 4, chloroform 1; d) benzene 2, 

chloroform 1; g) benzene 1, chloroform 2; f) chloroform. The use of this partition column 

reduced pigment. concentration and permitted the subsequent paper chromatography of the 

urinary extracts. Each fraction was evaporated to dryness, redissolved in chloroform- 

methanol, and chromatographed on paper strips 3 x 27 cm. Fractions obtained from sol- 

vents =) to d) were chromatographed by using System 3, and fractions g) and f) with System 

1. The glycosides o r  metabolites were located by treating a narrow marginal strip cut 

from each chromatogram with alkaline a-dinitrobenzene, and these were used a s  markers 

for cutting away the metabolite or  glycoside areas in the main strip. These areas  were 

dried a t  60' in a current of air  and eluted with methanol for further tests or  rechromatog- 

raphy. 
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Systems 1, 2, and 3 were  used to develop, formamide-impregnated paper. Whatman . 

No. 4' paper was dipped in  a mixture of 25 per cent formamide in  methanol o r  acetone and 

dr ied  between sheets  of absorbent paper. The chromatograms were  run  horizontally. 

System 1-Benzene 78, chloroform 12, butanol 5, saturated with formamide. 

System 2-Tetrahydrofuran 1, chloroform 1, saturated with formamide. 

System 3-Methyl isobutyl ketone 4, isopropyl ether 1, saturated with formamide. 

Systems 4 and 5 were  reversed  phase sys tems,  and were used for further identifica- 

tion. 

System 4-Ethyl hexanol-amyl alcohol-water - f o r m a a ~ i d e  (6:2:8:2). 

System 5-Ethyl hexanol-amyl alcohol-water-formamide (6:2:1:4). 

System 6-Chloroform, ethyl acetate,  benzene, saturated with water. 

Between 1 and 3 'mg of pure glycoside o r  aglycone were  dissolved in 40 m l  of 98 per 

cent sulfuric acid, and the ultraviolet absorption spect ra  were  recorded af ter  30 minutes 

and again about 16 hours  later .  The metabolite a r e a s  of the paper chromatograms being 

investigated were  eluted with methanol and, af ter  removal  of the methanol, 2 m l  of 98 per 

cent sulfuric acid were  added and the ultraviolet absorption spect ra  were  measured.  The 

sulfuric acid spect ra  of a methanol extract  of a n  equivalent a r e a  of blank paper were  r e -  

corded for comparison. 

Two r a t s ,  weighing 200 g each, were  injected with 46,000 dpm of biosynthetically pre- 

pared c14-digitoxin, and a t  the same  t ime with 2 Y per g of non-radioactive digitoxin. The 

urine was collected for 12 hours,  extracted,  and counted by means of a n  internal  gas-flow 

Geiger counter. The ext ract  was then chromatographed on formamide-impregnated s t r ips ,  

4 c m  wide, with use  of System 1. One-fifth of the s t r i p  was cut away and treated with a l -  

kaline m-dinitrobenzene. The a r e a s  on the untreated s t r ip  corresponding to the glycoside 

and metabolites were  cut, dried,  and eluted with methanol, and each solution was counted. 

Ten mg of normal  digoxin were  added to the eluate of Metabolite G (Figure l ) ,  and the 

whole was recrys ta l l ized to radiochemical  purity. 

Twelve mg of lanatoside C was given to each of 12 subjects, and the pooled 12-hour 

urine collections were  treated by the method described. Paper  chromatography revealed 

the presence of two substances that produced a blue color with m-dinitrobenzene charac-  

ter is t ic  of the butenolide ring. The f i rs t  of these metabolites was rechromatographed with 

S.L. 

Figure  1. Paper  chromatogram of r a t  urinary excre tory  
products af ter  digitoxin and C14-digitoxin administration; 
A,  s t r i p  for elution; B, s t r i p  for visualization; Band C,  
Metabolite C zone; Band G, Metabolite G zone; Band DG, 
digitoxin zone; Zones 1 ,  2, 3 = the a r e a s  eluted for counting. 



digoxin on Systems 1 and 6 and did not'separate. The second metabolite was rechromato- 

graphed with a sample of Metabolite B obtained from r a t  urine on System 1 and failed to 

separate. 

Lanatoside C could not be detected in,eluates, owing to the retention of this glycoside 

on the water partition column. To overcome this difficulty, a portion of the chloroform ex- 

t ract  of the urine was chromatographed directly on paper (System l ) ,  and unchanged lanat- 

oside C was detected free from urinary pigment. 

Eleven persons each received 11 mg of digoxin. Paper chromatography revealed the 

presence of two substances, which were compared with authentic digoxin and with a sam- 

ple of r a t  urine Metabolite B, respectively, on Systems 1, and 6. No separations were ob- 

served. 

A total of 7.5 mg of this digitoxin was administered to each of 8 persons. Three sub- 

stances were detected on paper chromatograms. The first ,  present only in trace amounts, 

was found to be similar to unchanged digitoxin by paper chromatography. The other two 

metabolites were compared with Metabolites C and G, which a r e  present in r a t  urine, and 

would not separate from them on Systems 1, 3,  and 6 (Table I). ' 

Table 1 

METABOLITES PRESENT IN HUMAN URINE AFTER 

ADMINISTRATION OF DIGITALIS GLYCOSIDES 

Although chromatography on formamide-impregnated paper does not in general give 

consistent RF values, it was noted that Metabolite G present in r a t  o r  human urine after 

digitoxin administration moved a s  digoxin does when chromatographed on System 1. This 

metabolite was eluted and chromatographed together with digoxiwon Systems 1, 2, and 3 

without any separation occurring. Comparisons were also made on the reverse phase Sys- 

tems 4 and 5, and again no separation was obtained. 

Metabolite G eluates were hydrolyzed by refluxing with 0.5 per cent HC1 and 50 per 

cent ethanol. The chloroform extract was chromatographed on Systems 1 and 3 with an 

authentic sample of digoxigenin without any separation occurring. 

The ultraviolet absorption spectra in sulfuric acid of digoxin, digoxigenin, Metabolite 

G, hydrolyzed Metabolite G ,  sarmentogenin, and episarmentogenin a r e  shown in Figures 

2 and 3. Prominent maxima at 390 and 490 m p  a r e  present for digoxin, digoxigenin, Me- 

tabolite G, and hydrolyzed Metabolite G. Sarmentogenin and episarmentogenin had a char- 

acteristic maximum at 415 m p ,  which was not the case with digoxin, digoxigenin, or  Me- 

I Glycoside 

Lanatoside C 

~ i ~ o x i n  

Digitoxin 

Glycoside and metabolites detected in urine 

Lanatoside C,  digoxin, Metabolite B 

Digoxin, Metabolite B 

Digitoxin, Metabolite C, digoxin, Metabolite G 



tabolite G .  

The radioactivity of the total chloroform extract of the bulked urine of two r a t s  in- 

jected with a dose of 92,000 dpm of c14-digitoxin was 311.0 dpm. This extract, when chro- 

matographed on System 1,  showed three a reas  of cardioactive material (Figure 1). After 

drying and elution with methanol, the radioactive a reas  gave the following counts: 5) digi- 

,toxin a rea  240 dpm; b) Metabolite G area  408 dprn; and 2) Metabolite C area 980 dpm. Ten 

mg of digoxin were added to the Metabolite G area,  and the whole was recrystallized 5 

t imes fi-oai chloroform-ether. This gave the following specific activities (disintegrations 

per minute per mg) after correction for self-absorption: first  recrystallization (9 mg), 

22.6; second (7.0 mg), 20.8; third (6.0 mg), 22.0; fourth (5 mg), 21.0; fifth (3.0 mg), 20.4; 

m.p. of recovered digoxin, 255-260° (authentic sample m.p. = 255-257'). 

Figure 2. Ultraviolet absorption spectra in sulfuric acid. Curve 
1, eluate of Metabolite G; Curve 2, elllate of hydrolyzed Metabo- 
lite G; Curve 3, eluate of filter paper blank; A, optical density 
(1 cm cell). 

Both metabolites showed a blue fluorescence in ultraviolet light after treatment with 

trichloroacetic acid and traveled similarly on paper chromatograms. When chromato- 

graphed together on System 1, no separation occurred. Both Metabolite B and Metabolite 

C after hydrolysis with dilute acid could not be separated from digoxigenin. 

It i s  apparent that the metabolism of the cardiac glycosides digoxin, digitoxin, and 

lanatoside C i s  qualitatively similar in r a t s  and human beings. No metabolites were found 

in human urine that were not present in ra t  urine. Quantitative estimation of the human 



urine metabolites was not attempted, but the paper chromatograms indicated that, after 

digitoxin administration, the major cardioactive constituent of the urine was not unchanged 

glycoside, but was the substance that we have termed Metabolite C in r a t  urine. Smaller 

amounts of the Metabolite G of r a t  urine and free digitoxin were detected. 

The fact that Metabolite G could not be separated from the glycoside digoxin on five 

systems of paper chromatography indicates that it must be very similar to, i f  not identical 

with, this substance. The apparent non-separation of digoxin from the c14-labeled Metab- 

olite G excreted in r a t  urine after five recrystallizations is also evidence that these sub- 

stances a r e  the same compounds. Paper chromatographic evidence indicates that Metab- 

olite B, found in human and r a t  urine after administration of digoxin and which has been 

shown to be a conjugate of digoxigenin, is identical with digitoxin Metabolite C. 

Figure 3. Ultraviolet absorption spectra in sulfuric acid. Curve 
1, sarmentogenin; Curve 2, digoxigenin; Curve 3 ,  digoxin; Curve 
4, episarmentogenin. 

The formation of digoxin from digitoxin involves hydroxylation of the steroid genin a t  

C-12 in the P position. Although a hydroxylation at position 1 2  in the steroid nucleus oc- 

curs  in the formation of bile acids and has been shown to take place in man after the ad- ' 

ministration of cholesterol, p hydroxylation in this position does not appear to have been' 

observed previously in animals. The cardiac glycosides a r e  unique.among naturally-oc- 

curring steroids in having rings C and,D arranged c i s  to one another. Under these condi- 

tions the B position at C-12 is equatorial and hence the more favored configuration. 



It is possible that hydroxylation could have occurred a t  position 11 in the digitoxin 

molecule, the result ing product being inseparable from digoxin by paper chromatography 

o r  recrystal l ization.  A comparison of the ultraviolet absorption spect ra  of digoxigenin, 

digoxin, and Metabolite G in  concentrated sulfuric acid with that of sarmentogenin (11- a - 
hydroxyldigitoxigenin) with episarmentogenin (11- P-hydroxydigitoxigenin) indicates that 

Metabolite G is not an  11-hydroxyl compound. 

The sulfuric acid absorption spec t ra  of sarmentogenin and 11-episarmentogenin a r e  

identical. These two compounds, though separable,  a r e  very  close to one another on paper 

chromatograms,  which suggests that 12- a -hydroxydigitoxin and 12- P-hydroxydigitoxin 

(digoxin) would a lso  be difficult to distinguish f rom each other.  However, judging on the 

bas is  of the constant radioactivity obtained upon recrystal l ization and on the bas i s  of con- 

formational fac tors ,  we prefer the identification of Metabolite G'with digoxin ra the r  than 

with 12-epidigoxin. 
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