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ACUTE RADIATION MORTALITY IN THE PARAKEET 

S. P . S t e a m e r , S. A. Tyler , M. H. Sanderson and E. J. Chris t ian 

Introduction 

Our studies of comparat ive radiobiology in the bird have confirmed 
the existence of dose-reduct ive p r o c e s s e s that influence the acute mor ta l i ty 
and pathological r e sponses following an exposure to ionizing radiat ion. In 
addition, s ta t i s t ica l appra i sa l s of the interdependence of the observed m o r ­
tali ty and the amount and duration of the radiat ion revealed quantitative 
information of importance in determining the nature and kinet ics of the 
injury p r o c e s s e s underlying the acute syndrome. In some r e s p e c t s , dif­
ferent avian species exhibit dist inctly contrast ing responses to an acutely 
lethal insult . One group that includes the chick and the duck exp re s se s an 
injury as mor ta l i ty within 48 hours after exposure . ! 1 >'̂ ) A second group 
that includes the pigeon, the parakeet , and the canary does not show this 
initial response.W'"*/ Much information is available to suggest that injury 
p roces se s that t e rmina te as 0 to 2-day mor ta l i ty in one group a r e also 
active in the second group, but the injury accumulated does not resu l t in 
lethality under comparable exposure conditions. F o r each spec ies , how­
ever , varying the exposure t ime from a few minutes to 24 hr produces 
marked changes in the probabil i ty and/or the dis t r ibut ion of mor ta l i ty 
within the 3- to 30-day pos t i r rad ia t ion per iod. 

This repor t will summar i ze the re la t ions between dose and exposure 
t ime in the parakee t following Co ° 7 - i r r ad i a t ion . Mortal i ty within 30 days 
is used as the m e a s u r e of sustained insult , and the s imi la r i t i e s between 
empir ica l descr ip t ions of injury accumulation p r o c e s s e s for the parakee t 
and chick a re pointed out. 

Method 

Male and female parakee t s (Melopsittacus undulatus) 6 to 8 weeks 
old were obtained from Steves Aviary, San F r a n c i s c o , California. These 
b i rd s , r a i sed under the supervis ion of Kar l F . Meyers , Universi ty of 
California, had received aureomycin-medica ted feed for 2 weeks p r io r to 
shipment as preventive t rea tment against possible latent ps i t tacos is in­
fection. In our animal q u a r t e r s , the b i rds were housed in flight cages , 
15 per cage, and fed a nai l le t -canary seed mix ture supplemented with cod-
liver oil. The b i rds were kept on the animal fa rm for two weeks before 
i r rad ia t ion . Conditions of exposure to Co 7 - r ays were the same as have 
been descr ibed for the chick.l^) G a m m a - r a y doses ranged from 1400 to 
3400 r, del ivered over per iods varying from 4 min to 24 h r . In mos t in­
stances the re were 30 to 36 parakee ts in each dose / exposu re - t ime group, 
and a total of 2413 b i rds were i r r ad ia ted . 



R e s u l t s 

Radia t ion d e a t h s b e g a n to a p p e a r about 4 days af ter e x p o s u r e s and 
m a x i m u m f requency o c c u r r e d b e t w e e n days 10 and 11 . The f r equency 
d i s t r i b u t i o n of da i ly m o r t a l i t y r e m a i n e d unchanged a s e x p o s u r e t i m e was 
v a r i e d . T h i s m a y be s een by c o m p a r i n g da i ly m o r t a l i t i e s for e x p o s u r e s 
of 15 m i n and 24 h r as given in Tab le 1. The d o s e - m o r t a l i t y r e l a t i o n s for 
e x p o s u r e p e r i o d s of 4 m i n to 24 h r w e r e d e t e r m i n e d . Mor t a l i t y in g roups 
exposed for 4 - , 1 5 - , and 3 0 - m i n p e r i o d s was not d i s t i ngu i shab ly d i f ferent , 
and the a v e r a g e va lues for t h e s e g roups w e r e u s e d to r e p r e s e n t the 
1 5 - m i n e x p o s u r e g r o u p . P r o t r a c t i o n of the e x p o s u r e over p e r i o d s longer 
than 8 h r p r o d u c e d l i t t l e change in dose e f f ec t i venes s ; t h e r e f o r e , 8 - , 16 - , 
and 2 4 - h r e x p o s u r e s w e r e a l s o c o m b i n e d . 

Exposure 
time, 
min 

15 

M40 

Dose, 
r 

1401 

1500 

1600 

1700 

1800 

1900 

2000 

21P0 

i2m 

1800 

2000 

2200 

2«0 

2600 

2800 

3000 

3200 

3400 

N 

30 

30 

29 

M 

30 

30 

30 

30 

36 

30 

29 

29 

30 

30 

30 

29 

30 

30 

Daily mortality m the paraiceet ibotii sexes) for exposures of 15 ram and 24 hr 

Days after irradiation 

1 2 3 4 5 6 7 8 9 10 11 

2 1 

1 1 1 3 

3 4 3 2 1 

1 1 1 2 3 2 

1 1 4 3 2 2 

2 1 3 1 3 1 

1 3 3 3 1 3 

1 2 2 3 2 5 3 

1 2 3 6 1 5 3 

1 1 1 1 

2 

1 1 3 2 2 1 

1 1 4 5 

1 2 2 5 1 1 

1 1 2 3 1 3 3 3 

1 1 2 2 3 4 

3 1 1 5 2 

1 1 2 2 3 2 2 7 

12 13 14 15 16 17 18 

1 1 1 

1 2 2 1 

2 3 1 1 2 1 

2 1 2 1 2 

2 3 4 2 

3 2 1 1 1 

2 1 2 2 1 

5 4 1 1 

3 

1 1 1 1 

3 1 1 

1 1 2 1 1 

1 2 3 2 

2 1 1 1 1 

2 1 2 ! 

5 2 2 1 2 

3 4 1 1 1 

19 20 21 22 23 24 25 26 27 28 29 30 

1 1 

2 1 

1 

1 1 1 1 

2 1 1 

1 1 1 

2 1 

1 2 

2 

1 I 

2 

Stirvivors at 
30 days 

25 

18 

10 

9 

5 

4 

5 

1 

1 

23 

23 

12 

11 

10 

7 

10 

4 

0 

The 30-day m o r t a l i t y da ta and the d o s e - m o r t a l i t y c u r v e s for dif­
f e r en t t i m e s of e x p o s u r e a r e p r e s e n t e d in F i g u r e 1. With i n c r e a s e in 
e x p o s u r e t i m e t h r o u g h 8 h r , the p r o b i t c u r v e s show an i n c r e a s e in LD50 
and a d e c r e a s e in s l ope . F o r e x p o s u r e s of 8 h r or l onge r , the d o s e -
m o r t a l i t y p a t t e r n i s a s s u m e d to have r e a c h e d a s t ab l e and unva ry ing con ­
f igura t ion tha t r e p r e s e n t s un ique ly the l e tha l r e s u l t s of a t i m e - i n d e p e n d e n t 
( i r r e v e r s i b l e ) effect . The LD50 for the i r r e v e r s i b l e component i s 
2310 r (o = 632 r ) . If the ac t ion of th i s effect i s independent of t i m e -
dependent ( r e v e r s i b l e ) p r o c e s s e s , i t s con t r ibu t ion c a n be s u b t r a c t e d f r o m 
the to t a l m o r t a l i t y . The r e s u l t a n t m o r t a l i t y in g roups exposed for s h o r t e r 
p e r i o d s then r e p r e s e n t s the t i m e - d e p e n d e n t componen t . Such a p a r t i t i o n 
h a s been ach ieved by applying the following f o r m u l a : 

Q = q + ( l - q ) p 
Q_ 
1 
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where Q is the total proportion dying, q, is the proportion dying of the 
revers ib le effect and p is the proportion that succumb to the i r r eve r s ib l e 
•effect. The resul tant morta l i ty , q r ep resen t s the revers ib le effect(s) 
expressed within the 30-day post i r radia t ion period (Figure 2). Dose-
exposure time relat ions for the 20%, 50% and 80% morta l i ty levels 
(Figure 3) a re approximately l inear with respect to exposure t ime , and 
each equimortali ty category yields approximately equal rat ios of intercept 
to slope. This rat io , with dimension of t ime and average value of 287 min, 
charac te r izes the action of revers ib le p rocesses in the parakeet . 
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Figure 1 

Effect of exposure time on 
dose "mortality relations 
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Figure 2 

Mortality within 30 days 
postirradiation resulting 
from time-independent 
processes only (reversible 
effect) 
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Figure 3 

Dose-exposure time relation for rate dependent 
effect at 20, 50, and 80^o mortality levels, as 
interpolated from mortality curves in Figure 2 

min 

The presence of a single mortal i ty peak during the 30-day post­
i r radia t ion period precludes separation of distinct lethal mechanisms on 
the basis of t ime of death in a manner s imi lar to that employed for the 
chick and chick embryo.( '^'^'") Although the influence of injury p rocesses 
with different kinetics must be assumed, a distinguishing pathology 
associated with distinct injury p rocesses is absent in the parakeet . Thus, 
in order to investigate the kinetics of individual lethal p rocesses that 
contribute to the total mortal i ty pattern, some rule descript ive of the 
combined action is essent ia l . Here , we have assumed that the two major 
c lasses of injury mechanisms ( revers ible and i r revers ib le processes ) are 
independent in action. One then might ask if there is some justification for 
this choice of model. In studies of dose /exposure- t ime relations for acute 
radiation mortal i ty in the chick embryow'") and the chick,(7) experimental 
resul ts supporting the validity of this model a r e : 

1. In the chick embryo, mortal i ty after the initial period is shown 
to include a revers ib le component that is separable on the basis 
of t ime and dose-range of expression. Because the dose 
ranges for revers ib le and i r r evers ib le p rocesses operating in 
this period are almost completely distinct, it is not necessa ry 
to cor rec t the revers ib le effect for contribution of i r r eve r s ib l e 
p r o c e s s e s . The dose /exposure- t ime relat ions for this effect 
indicate the presence of a l inear r eve r sa l mechanism, the 
character iz ing constant, T, of which is equal to 265 min. 

In the chick, s imi lar analysis of the data also reveals a 
revers ib le effect expressed over the same t ime period, but 
in this case the dose range of i r r eve r s ib l e p rocesses is not 
ent irely distinct. Separation of revers ib le and i r r eve r s ib l e 
components by the method used for the parakeet yields a 
revers ib le component with character iz ing rat io, T, equal to 
254 min. 
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The revers ib le lethal p rocess expressed within the f i rs t 1 or 2 days after 
i r radia t ion in the chick embryo and the chick is not present in the parakee t . 
For radiat ion lethality expressed after the init ial period, however, the 
charac ter iz ing constants of the revers ib le p r o c e s s e s in these subjects a re 
s ta t is t ical ly equivalent, i .e . T= 265 min, 254 min and 287 min for the chick 
embryo, chick and parakeet respect ive ly . The s tandard e r r o r associa ted 
with these averages is approxiinately 40 min. 

Summary 

Dose-mor ta l i ty curves for the parakee t exposed to Co 7-i'a-diation 
indicate that a l inear r e v e r s a l mechanism with a t ime constant of 287 min 
and an i r r e v e r s i b l e component with LD50 equal to 2310 r a re the p redomi ­
nant injury p r o c e s s e s operat ing within 30 days after i r rad ia t ion . Radiation 
deaths r a r e l y occur before the fourth pos t - i r r ad ia t ion day. These findings 
together with the s imi la r i ty between t ime constants found for parakeet , 
chick and chick embryo, suggest that the r eve r s ib l e p r o c e s s in the p a r a ­
keet may be the same as corresponding p r o c e s s e s expressed in the chick 
and chick embryo . Independence of injury mechan i sms was assumed 
before a separat ion of effects could be accomplished in the parakee t . 
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PROGRESS REPORT: FERTILITY OF CF NO. 1 FEMALE MICE 
IRRADIATED WITH FISSION NEUTRONS 

D. L. Jordan and H. H. Vogel, J r . 

In these exper iments , CF No. 1 female mice were exposed to fission 
neutrons at the CP-5 reactor and a re now being tested for ferti l i ty at in­
te rva l s of about 2 months . The resul ts of the f irs t 3 tes ts were repor ted 
previously.(1) 

Table 2 gives the resul ts from all tes ts to date for mice exposed 
to single, whole-body doses of 20, 50, 75, 100, and 150 rads of fission 
neutrons at approximately 5 r a d s / m i n . 

It is now clear that the lowest dose of 20 rads produces a s igni­
ficant decrease both in the number of pregnancies and in l i t ter s ize . Injury 
is not immediately apparent, but the fourth through the sixth t e s t s indicate 
that it p rog re s se s with t ime . Complete s ter i l i ty is produced at all other 
do s e s. 

TABLE 2 

Fertility in CF Mo. 1 female mice after exposure to fission neutrons 

Dose, 
rads 

Control 

20 

50 

75 

100 

150 

Test 
No. 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
i 
4 
5 
6 

No. 
mice 

20 
20 
20 
19 
17 
15 

15 
15 
14 
14 
14 
12 

16 
16 
15 
15 
15 
15 

16 
16 
16 
16 
15 
15 

11 
U 
u 
10 
9 
8 

16 
16 
16 
14 
9 
6 

Pregnancies 

l\lo. 

19 
20 
20 
19 
15 
13 

15 
15 
13 
13 
7 
3 

14 
12 
3 
0 
0 
0 

14 
3 
0 
0 
0 
0 

u 
0 
0 
0 
0 
0 

7 
0 
0 
0 
0 
0 

?3 

95 
100 
100 
100 
88.2 
86.6 

100 
100 
92.8 
92.8 
50.0 
25.0 

87.5 
75.0 
20.0 

0 
0 
0 

87.5 
19.0 

0 
0 
0 
0 

100 
0 
0 
0 
0 
0 

44.0 
0 
0 
0 
0 
0 

Avg. litter 
size 

10.5 
12.2 
10.2 
10.3 
9.1 
8.1 

10.4 
10.6 
10.9 
8.8 
7.4 
5.3 

7.6 
3.7 
2.7 

0 
0 
0 

7.6 
3.3 

0 
0 
0 
0 

6.4 
0 
0 
0 
0 
0 

3.6 
0 
0 
0 
0 
0 

Group mean progeny 

• Total 

1113 

639 

159 

116 

70 

25 

Per mouse 

55.6 

42.6 

9.9 

7.2 

6.4 

1.5 
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Although the reproduct ive sys tem is damaged to some extent 
immediate ly following the smal le r neutron doses , as seen by the reduced 
l i t ter s ize, complete s ter i l i ty does not occur at once. The f irst mating 
tes t was successful even at the highest dose (150 rad) . Complete s te r i l i ty 
occurs p rogress ive ly ea r l i e r with i nc rease in total dose . 

Reference 

1. Vogel, H. H. and D. L. Jordan . Fe r t i l i ty of CF No. 1 female mice 
i r rad ia ted with fission neu t rons . Biological and Medical R e s e a r c h 
Division Semiannual Report , Argonne National Labora tory . ANL-6264 
(1959). pp. 31-32. 



THE COMPARATIVE EFFECTIVENESS OF AET AS A 
PROTECTIVE AGENT AGAINST MORTALITY IN 

NEUTRON- AND 7-IRRADIATED MICE 

D. L. Jordan, H. H. Vogel, J r . , N. A. F r ige r io , 
N. Bink, and R. Barhors t 

A previous repor t ( l ) p resented data on p re t r ea tmen t of CF No. 1 
female mice with AET (S, 2-aminoethylisothiuronium bromide hydrobromide) 
adminis te red ora l ly . The presen t repor t summar i zes 9 neutron and 
8 7-ray exper iments in which AET was tes ted for chemical protect ion 
against acute morta l i ty after fission neutrons and Co 7 - r a y s . AET- t rea ted 
mice received 0.34-0.5 cc (approximately 600 mg/kg of body weight) 
in acetate buffer at pH 7.4. 

Nine groups, a total of 95 control mice and 191* AET- t rea ted mice , 
were exposed to 350 rads of fission neut rons , which at the CP-5 reac tor 
facility is approximately the LD90/ 30 level . This i r rad ia t ion took 60 to 
70 minu tes . The resu l t s a re given in F igure 4. AET-pre t r ea tmen t r e ­
sulted in 39% mor ta l i ty . This cor responds to the mor ta l i ty for a neutron 
exposure of approximately 315 rads for untreated micel^) and thus r e p r e ­
sents a dose reduction of 35 rads or 10%. Eight groups, a total of 
71 control mice and 111 AET- t r ea t ed mice , were exposed to Co^" 7 - rays 
at a s imi la r dose level (1100 rads = LD90/3o)' Here the mor ta l i ty of the 
AET- t r ea t ed mice was 22%. This was considered effective protect ion 
since the exposure t ime was in excess of 2 h r . Mortali ty cor responds to 
that for a single dose (Co^° 7) of 813 r a d s , a dose reduction of 287 r ads 
or 26%. It is thus apparent that AET, like cysteinel^) and serotonin,!'*) is 
m o r e effective as a protect ive agent against 7 - and X- rays than against 
fission neu t rons . 

The mean survival t ime of the 30-day decedents is tabulated 
below,- the numbers in paren theses r ep re sen t the number of mice that 
died in 30 days per number i r r ad ia t ed . 

Mean survival t ime , days 

7 - i r r ad ia t ed controls (63/71) 13.0 
AET- t r ea t ed , 7 - i r rad ia ted (25 / l 11) 13.1 
Neut ron- i r rad ia ted controls (85/95) 8.2 
AET- t r ea t ed , neu t ron- i r r ad ia t ed (67/l70) 8.6 

*Twenty-one miice p re t r ea t ed with AET and i r r ad ia ted with neutrons 
were el iminated from the data presented in F igure 4 because they 
died of chemical toxicity within 48 hr of i r rad ia t ion . If these animals 
were counted, the 30-day mor ta l i ty would be inc reased from 39.4 to 
46.0%. Four mice that died from AET toxicity in the 7 - r ay exper i ­
ments were s imi la r ly omitted from the data of Figure 4. 
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Figure 4. Comparative protective action of AET in mice irradiated with 
fission neutrons or Co*̂ *̂ ' y-rays 

Thus, it appears that the p re t rea tment with AET does not significantly 
change the mean survival t ime of those mice dying in the acute 30-day 
period after either ~)- or neutron i r radia t ion. 

It had been assumed that ora l administrat ion of AET would be 
more effective if p re t rea tment was initiated in the absence of food in the 
stomachl"') to promote more rapid absorption. This assumption was 
tested by withholding food for 4 hr pr ior to AET administrat ion and sub­
sequent i r radia t ion. When food was withheld, the morta l i ty of the 
AET-t rea ted , s tarved animals was 54%; however, in the AET-t rea ted 
animals allowed food it was only 17% (Table 3). Fiss ion neutron exposure 
was, as before, 350 rads (LDgo/so)- Of special in teres t is the pat tern of 
daily death. Deaths occurr ing on the f irs t and second day are usually a 
resul t of chemical toxicity of the AET. The data indicate that the presence 
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of food m a y ac t to r e d u c e a b s o r p t i o n r a t e by the gut and thus r e n d e r the 
a n i m a l l e s s s e n s i t i v e to the tox ic a c t i on of the A E T . F o u r t e e n of t h e s e 
tox ic d e a t h s o c c u r r e d in the s t a r v e d g r o u p in c o n t r a s t to t h r e e in the g roup 
of a n i m a l s wi th food p r e s e n t in the s t o m a c h . 

T A B L E 3 
Effect on da i ly d e a t h s of wi thholding food for 4 h r be fo re p r e t r e a t m e n t wi th AET . 
All m i c e (CF No. 1 f ema le ) w e r e g iven 350 r a d s (LDgo/30) of f i s s i on n e u t r o n s . 

Day* 

1 
1 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

M o r ­
t a l i t y 

Food a l lowed 

A E T - t r e a t e d 
(48)** 

3 

1 

1 

1 

1 

1 

8 /48 

16,6% 

I r r a d i a t e d 
c o n t r o l s (16) 

2 
1 
2 
3 
4 
1 
1 

1 

15 /16 

93.8% 

Food wi thhe ld 

A E T - t r e a t e d 
(48) 

8 
6 

1 
3 
2 
3 

1 

1 

1 

2 6 / 4 8 

54.2% 

I r r a d i a t e d 
c o n t r o l s (16) 

1 
1 

1 
7 
LI 

5 
2 
4 

I 6 / 1 6 

100% 

*No d e a t h s w e r e o b s e r v e d f r o m day 20 t h r o u g h day 30. 

* N u m b e r of a n i m a l s . 

When d e a t h s due to c h e m i c a l t o x i c i t y a r e e l i m i n a t e d f r o m the 
m o r t a l i t y f i g u r e s , t he r e m a i n i n g d e a t h s can be a s s u m e d to be due to 
i r r a d i a t i o n effect a l o n e . M o r t a l i t y i s t h e n r e d u c e d to 35% (12/34) for 
the unfed a n i m a l s and i s i n c r e a s e d only s l igh t ly to 18% (8/45) for the 
fed g r o u p . 
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It would seem from these figures that the withholding of food before 
o ra l adminis trat ion of AET does not inc rease the effectiveness of the radio­
protect ive action of this agent, but may inc rease i ts toxicity. 
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LIFE SHORTENING IN MICE IRRADIATED WITH EITHER FISSION 
NEUTRONS OR Co^° 7-RAYS AT LOW DOSE RATES 

Howard H. Vogel, J r . , Norman A. F r ige r io , and Donn L. Jordan 

In previous work, life shortening was compared in mice given 13 
daily exposures to fission neutrons or Co 7 - r a y s at relat ively high dose-
rates.(1) The present experiment was ca r r i ed out to tes t the effects of 
decreased dose ra te of 1 3 daily exposures to two radiat ions. Female 
CF No. 1 mice were exposed to daily doses of either fission neutrons or 
Co 7 - r a y s at dose ra tes of approximately 1 rad /min . This low intensity 
was achieved by increasing the distance between the 18 Co sources and the 
animal position in the gamma-neutron radiation chamber,!^) or by closing 
coiTipletely a boral filter plate located between the CP-5 reac tor and the 
uranium converter plate, w) Five groups of mice were given 13 brief 
daily exposures (3.75, 7.5, 15, 30, and 60 min) to each radiation, and the 
mean survival time after radiation was compared with that for unirradiated 
control mice. 

The experimental plan, radiation data, mean survival t ime after 
f i rs t exposure of the various groups, and reduction of life span are given 
in Table 4. 

TABLE 4 

Longevi ty da ta for 13 dai ly e x p o s u r e s to f i ss ion n e u t r o n s 
o r Co 7 - r a y s at low d o s e - r a t e s 

No. of 
a n i m a l s 

Daily 
dose , r a d s 

To ta l 
dose , r a d s 

Mean su rv iva l 
tiiTie, 

days , - S.E. 

Longevi ty , 
% of con t ro l 

Reduct ion in 
life span, % 

51 
31 
31 
30 
32 
30 

. 
3.3 
7 

13 
27 
54 

F i s s i o n n e u t r o n s , 1 r a d / m i n 

. 
44 
87 

174 
349 
698 

486.3 ± 22,9 
445.7 ± 24.6 
457.7 ± 26.6 
375.9 ^ 23,7 
240.8 i 16.1 

23,2 ± 3.9 

100 
92 
94 
78 6 
50,4 

4,8 

8 
6,0 

21,4 
49.6 
95.2 

_60 Co ' i - r a y s , 1 r a d / m i n 

48 
40 
40 
40 
39 
40 

. 
4.3 
8.6 

17 
34 
68 

56 
H I 
III 
444 
888 

493.1 ± 23.8 
473.6 ^ 17,0 
485.8 ± 20.4 
445,4 :t 22,5 
331,7 i 24,4 
268,3 ± 28.4 

100 
96 
98.3 
90.3 
67.3 
54.4 

4.0 
1.7 
9-7 

32.7 
45.6 

A comparison of the effects of the 13 daily doses on life span of 
the i r rad ia ted mice is plotted in Figure 5. Fiss ion neutrons were 2 or 3 
t imes as effective as Co 7 - rays in reducing the life span by 50% 
(950 rads , 7; 350 r ads , neutrons). 
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Figure 5. Cumulative mortality in CF No. 1 feniale mice after 13 daily exposures 
to small doses of fission neutrons or Co"^ y-rays. The mean survival 
time is given in Table 4 for each group. 

This RBE figure (7/n) does not differ significantly from that obtained by 
comparing the acute LD50/30 doses after single exposures to the two 
radiat ions. \^) 
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If one compares the resu l t s of this experiment, ca r r i ed out at the 
low intensity of 1 rad /min , with a previous experiment at higher dose ra tes 
(Table 5), it becomes clear that the dose ra te is much more important for 
7 - rad ia t ion than for neutrons . This ear l ie r work ' l ) indicated that a dose 
of 300 to 350 rads of fission neutrons (at 4 to 5 rads /min) was required to 
cut the mean survival t ime in half. When the neutron dose rate is decreased 
to only 0.9 r ad /min (Figure 5), approximately 350 rads a re still needed to 
reduce longevity by 50%. It is c lear , therefore , that the effect on life span 
of fission neutron i r radia t ion in the range of intensit ies studied is re la ­
tively independent of the neutron dose ra te . These data appear to confirm 
ea r l i e r work in which we reported that the acute LD50/30 after single 
i r radia t ions of mice with fission neutrons did not change significantly, 
whether the exposure was ca r r i ed out in 1.5 or 24 hours . ^ ) 

TABLE 5 

Longevity data fcr 13 daily exposures to f i ss ion neu t rons 
or Co 7 - r a y s at r e l a t ive ly high dose r a t e s 

No. of 
an ima l s 

Daily 
dose , r a d s 

Total 
dose , r a d s 

Mean surv iva l 
t ime , 

days , ± S.E. 

Longevi ty , 
% of cont ro l 

Reduct ion in 
life span, % 

36 
36 
18 
36 
18 
36 
18 

0 
2 .2 
4 . 4 
9.0 

17.5 
36 
70 

F i s s i o n n e u t r o n s , 4-5 r a d s / m i n 

0 

29 
57 

117 
227 
4 6 8 
908 

601.4 ± 24.7 
562.6 ± 21.1 
459.3 ± 31.1 
381.9 ± 23.8 
377.1 ± 40.2 
188.9 - 17.9 

16.0 + 0.3 

100 

99.1 
80.8 
67.3 
66.4 
33.3 

2 .8 

0.9 
19.2 
32.7 
33.6 
66.7 
97.2 

Co 7 - r a y s , 13 r a d s / n 

32 
24 
18 
24 
18 
24 
18 

0 
6 .3 

13 
25 
52.5 

108 
210 

0 
81 

171 
351 
682 

1406 
2727 

594.5 ± 26.2 
516.5 ± 30.8 
416.6 - 33.3 
406.3 ± 34.8 
222.6 ± 31.7 

49.2 ± 12.2 
14.3 ± 0.23 

100 
86.7 
70.1 
68.2 
37.5 

8.4 
2 .4 

13.3 
29.9 
31.8 
62.5 
91.6 
97.6 

On the other hand, if one compares the resu l t s of shortening of the 
mean life span following 7- rad ia t ion at the two intensit ies used -
13 rads/minv^) and 1.1 r a d / m i n (Figure 5), it is evident that dose rate of 
7 - r a y s has a marked effect: At the higher dose ra te , a total exposure of 
only 400 to 500 rads is necessa ry to shorten the mean life span by 50%. 
When the rate was decreased to only 1 r ad /min this 50% level was not 
reached even at the highest total dose used (888 rads) . 
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If we c o m p a r e the da ta on r e d u c t i o n of life span a f t e r 7 - r a d i a t i o n 
at the low dose r a t e ( las t co lumn . T a b l e 4) with s i m i l a r f i g u r e s for t h e 
h igh dose r a t e , (Table 5), i t is a p p a r e n t tha t the low i n t e n s i t y i s m u c h l e s s 
effect ive in s h o r t e n i n g the l ife span in t h e s e m i c e . It is c l e a r f r o m 
F i g u r e 6 tha t to ta l 7 - r a y d o s e s up to 222 r a d s (at 1 r a d / m i n ) do not s i g ­
n i f icant ly r e d u c e life span (at l e a s t by 10%), w h e r e a s a to t a l dose of 
171 r a d s (at 13 r a d s / m i n ) r e d u c e d the l ife span by a l m o s t a t h i r d . ^ ) 

0 100 200 300 400 500 SOO 700 800 900 1000 

TOTAL DOSE (rods) IN 13 DAILY EXPOSURES 

Figure 6. Influence of total dose on longevity. Longevity is plotted 
against total dose (rads) for 13 daily exposures of fission 
neutrons or Co*̂ 0 y-rays, delivered at 1 rad/min. 

If one p lo t s the to ta l dose of n e u t r o n s d e l i v e r e d at e i t h e r dose 
r a t e aga ins t r e d u c t i o n in life span , a s ingle c u r v e fi ts the po in t s f r o m both 
n e u t r o n e x p e r i m e n t s equal ly we l l (data in T a b l e s 4 and 5). H o w e v e r , a 
s ina i la r c o m p a r i s o n be tween the two 7 - r a y e x p e r i m e n t s (13 r a d s / m i n vs 
1 r a d / i n i n ) i n d i c a t e s two c o m p l e t e l y d i f ferent c u r v e s and i l l u s t r a t e s aga in 
the d o s e - r a t e dependence of 7 - r a d i a t i o n . 
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LACK OF ACQUIRED RADIORESISTANCE AFTER SINGLE DOSES 
(50 RADS) OF FISSION NEUTRONS OR Co^° 7-RAYS 

H. H. Vogel, J r . , and D. L. Jordan 

A number of exper iments have indicated that mice appear to develop 
significant r ad io res i s t ance following an initial exposure to smal l doses of 
X-radiat ion. The subject has recent ly been reviewed by Dacquisto.l 1) It 
seemed of in te res t to tes t this hypothesis when the f i rs t smal l dose was 

60 either fission neutrons or Co 7 - rays . 

The plan of the experiment is i l lus t ra ted in Table 6. Sixteen groups 
each consisting of 24 to 32 young adult female CF No. 1 mice (406 total) 
were given 50 rads of either 7 - r a y s or fission neutrons (single brief whole-
body exposures) followed at four different in tervals (1, 2, 3, and 10 weeks) 
by a single midlethal dose of one of the two radia t ions . Each of the 16 ex­
per imenta l groups had i ts own age-cont ro l group (406 total), which rece ived 
no pre l iminary exposure , but was given the second ixiidlethal exposure to ­
gether with i ts exper imental group. 

TABLE 6 

Plan of exper iment 

Group 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 

Exposure No. 1 
(50 rads) 

neutrons 

neutrons 

7-rays 

7-rays 

Interval , 
weeks 

1 
2 
3 

10 

1 
2 
3 

10 

1 
2 
3 

10 

1 
2 
3 

10 

Exposure No. 2 
(320 rads neutrons or 

900 rads 7- rays) 

neutrons 

7-rays 

neutrons 

7-rays 
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If significant r ad io res i s t ance were actually acquired by a smal l p r e ­
l iminary exposure , then the re should be dec reased morta l i ty among the 
"exper imental" mice exposed to the second, l a rger dose of radiation when 
compared with the acute morta l i ty of their age controls , which received the 
second dose only. 

The resu l t s of the experiment are summ.arized in the bar graphs of 
F igure 7. Of the 16 groups tes ted , 12 experimental groups exhibited 30-day 
morta l i ty as high as or higher than that of their respect ive age controls . 
In no case was there a significantly lower morta l i ty among the experimental 
animals compared to their own controls . In 4 of the 16 groups the mice that 
rece ived 50 rads p r io r to the second lethal exposure showed a significantly 
higher 30-day morta l i ty than their controls . F i s h e r ' s exact test was used 
for the difference between experimental and control proport ions dead. 

The data from this exper iment give no c l ea r -cu t evidence for a c ­
quired rad io res i s t ance (as measu red by acute, 30-day mortal i ty) in the 
mice i r r ad ia ted with 50 rads of either fission neutrons or Co y - r a y s . 

In Figure 8 a re i l lus t ra ted the 30-day morta l i ty data of the four 
exper imental groups that showed significantly higher raortal i ty than their 
respect ive age controls . It is of in te res t that in th ree of these four cases , 
the p re l iminary dose was 50 rads of fission neutrons; it is also evident 
that in 3 of the 4 cases the interval between the two exposures was 3 weeks. 
An additional exper iment is being c a r r i e d out, using this 3-week interval 
but a smal le r neutron exposure (15 to 20 rads) as the "priming dose." 

F igure 9 gives the 30-day morta l i ty of all the age-contro l groups 
for both neutron and 7 exper iments . These probit l ines indicate the ea r l i e r 
death following neutrons (60% dead by day 11) than following Co^ y - r a y s 
(30% dead by day U ) . 

Mortali ty var ied somewhat among the age-contro l groups, but in 
genera l a midlethal dose was achieved; every age control group showed 
some morta l i ty after a dose of approximately LD50/30 (323 rads neutrons 
or 900 rads Co ° 7-rays) . If all the controls in the 7 - r a y experim.ents a re 
combined (as in F igure 9), 100/188 or 53% died in the 30-day period fol­
lowing the exposure to Co . The comparable figure for the neutron age 
controls was IO9 dead in the 30-day per iod out of a total of 218 i r rad ia ted 
or exactly an LID^Q/^Q. 

In o rde r to determine whether the p re l iminary radiat ion affected 
over-al l longevity, all mice were re ta ined for the length of their l ives. 
However, only in the 10-week groups were there adequate numbers of 
surv ivors of the acute period. In the 10-week groups a total of 60 mice 
were alive 100 days after the second exposure and in the age-control 
group 75 were alive. 
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E x p e r i m e n t a l and c o n t r o l a n i m a l s a r e c o m p a r e d in F i g u r e 10. It i s c l e a r 
tha t the m o r t a l i t y p a t t e r n s of the two g r o u p s did not differ s ign i f ican t ly , at 
l e a s t be tween 100 and 500 days af ter the s econd e x p o s u r e . One m i n o r dif­
f e r e n c e w a s noted: 7 a g e - c o n t r o l m i c e d ied be tween days 30 and 100; none 
of the e x p e r i m e n t a l s t ha t s u r v i v e d the 30 -day acu te p e r i o d died be fo re 
day 100. 
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LONGEVITY O F F E M A L E MICE IRRADIATED WITH SINGLE 
S U B L E T H A L EXPOSURES O F FISSION NEUTRONS 

H. H. Vogel , J r . , and D, L. J o r d a n 

The p u r p o s e of th i s r e p o r t i s to ana lyze longevi ty d a t a f r o m t h r e e 
s e p a r a t e e x p e r i m e n t s , a l l involving s ing le sub l e tha l i r r a d i a t i o n s of C F N o . 1 
f ema le m i c e wi th f i s s ion n e u t r o n s . 

E x p e r i m e n t I i s r e p r e s e n t e d by the 3 open c i r c l e s of F i g u r e 11. 
T h r e e g r o u p s of 36 m i c e e a c h w e r e i r r a d i a t e d wi th a s ing le who le -body 
e x p o s u r e to n e u t r o n s at a d o s e r a t e of a p p r o x i m a t e l y 8 r a d s / m i n . The e x ­
p o s u r e t i m e s w e r e brief , 10, 15, and 20 m i n r e s p e c t i v e l y , to ach ieve s ing le 
d o s e s rough ly equ iva len t to j , i , and j of the LD50/30 d o s e for t h e s e m i c e 
(323 r a d s ) . The t h r e e po in ts s u g g e s t a l i n e a r r e l a t i o n s h i p be tween the to t a l 
dose and the a v e r a g e length of life of the i r r a d i a t e d m i c e : the h ighe r the 
d o s e , the s h o r t e r the life span . Mean s u r v i v a l t i m e s and p e r c e n t d e c r e a s e 
in life span a r e shown in T a b l e 7. 

1 ! 1 T—1 1 T" 

50 100 150 200 
NEUTRON DOSE (rods) 

250 ~ T 

Figure 11 
The effects of single sublethal irradiations 
witfi fission neutrons on length of life in 
CF No. 1 female mice. 

In E x p e r i m e n t II, r e p r e s e n t e d by the X ' s of F i g u r e 11, the C P - 5 
r e a c t o r w a s o p e r a t e d at low power (50 kw r a t h e r than 2000 kw). The dose 
r a t e was thus d e c r e a s e d by a fac to r of a p p r o x i m a t e l y 40, and the m i c e w e r e 
exposed to a n e u t r o n dose r a t e of a p p r o x i m a t e l y 12 r a d s / h o u r . As can be 
s een in Tab le 7, the i r r a d i a t i o n t i m e s in th i s e x p e r i m e n t v a r i e d f r o m 3 to 
27.5 h r . The h i g h e s t d o s e p r o v e d to be acu te ly l e tha l ; 44 of the 47 exposed 
m i c e died wi th in 4 w e e k s . Th i s g roup , t h e r e f o r e , is not r e p r e s e n t e d in 
the f igu re . The r e s u l t s for the o t h e r 4 g r o u p s a p p e a r to c o n f i r m the r e l a ­
t ionsh ip be tween n e u t r o n d o s e and s u r v i v a l t i m e shown by the f i r s t e x p e r i ­
m e n t . It would, t h e r e f o r e , a p p e a r tha t the to ta l dose of f i s s ion n e u t r o n s i s 
m o r e i m p o r t a n t than the i n t e n s i t y in r e d u c i n g life span in t h e s e m i c e , at 
l e a s t wi th in a fac to r of 40 as in t h e s e e x p e r i m e n t a l cond i t i ons . 
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TABLE 7 

Longevity in CF No. 1 female m.ice given single sublethal 
exposures to fission neutrons at dose r a t e s varying 

by a factor of 50 

Dose, 
rads 

Exposure 
t ime, 
min 

No. 
mice 

Mean 
after survival , 

days 
t S. E. 

Exper iment I 

Exper iment III 

Decrease in 
life span, 

% 

Control 
80 

120 
160 

0 
10 
15 
20 

19 
36 
36 
36 

487.4 f 35.1 
442.7 + 23.3 
398.6 i 26.9 
315.1 1 23.1 

9.2 
18.2 
35.4 

Control 
36 
72 

144 
174 
330 

0 
180 
360 
720 
870 

1650 

Exper 

40 
47 
48 
48 
48 
47 

iment II 

552.8 t 20.1 
498.5 ± 15.9 
425.7 i 21.8 
402.2 ± 23.6 
362.7 i 23.8 

21.9 + 10.9 

9.8 
23.0 
27.3 
34.4 
96.0 

Exper iment III is r epresen ted by the remaining point (+) in F i g ­
ure 11, which gives the mean survival t ime of the 36 mice exposed to 
275 rads of neutrons in a single, whole-body dose del ivered in 
48 minutes.(1) In this case the life span was dec reased by 45% as compared 
to the control, un i r rad ia ted mice of this experiment . 

A single r e g r e s s i o n line was then fitted to these eight points r e p r e ­
senting single doses of fission neutrons fromi 36 to 275 rads . The line 
i l lus t ra ted in F igure 11, is represented by the equation Y = 1 - 0.00224 X. 
F r o m these data it appears that a s t raight line with a slope of 0.22 r e p r e ­
sents the re la t ionship between dose of fission neutrons and length of life. 
It can, therefore , be stated that, under the conditions of exposure at the 
CP-5 reac to r , the life span of CF No. 1 female mice was shortened approx­
imately 0.22% per rad of fission neutrons. This relat ionship between neutron 
dose and life shortening appears to be l inear for neutrons, at least in the 
range of 10 to 85% of the LD50/30 value. 
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MAMMARY TUMOR INCIDENCE IN FEMALE SPRAGUE-DAWLEY RATS 
IRRADIATED WITH EITHER FISSION NEUTRONS OR Co^ 7-RAYS 

P r o g r e s s repor t (13 month period after f irst i r radiat ion) . 

H. H. Vogel, J r . , and D. L. Jordan 

In this p rogress repor t we are comparing the incidence of mammary 
tumors in female Sprague-Dawley ra t s given four exposures at weekly in­
tervals to either 100 rads of fission neutrons or 200 rads of Co 7 - r a y s . 
The 57 neut ron- i r rad ia ted ra t s were divided into four groups; each received 
the 100 rads at four different intensit ies (1, 3, 6, and 35 rads/min) . ( 1) Sim­
i lar ly, the 55 ra t s exposed to Co 
groups. 

60 . y-rays were divided into four dose - ra te 

In Figure 12 are given the incidence of mammary tumors and the 
cumulative mortal i ty following neutrons and 7 - r a y s . All dose- ra te groups 
a r e combined. Over the period of 13 months since the first i r radiat ion, 
approximately 75% of the exposed ra t s developed at least one mammary 
tumor. In this same period only 2 of the 35 unirradiated controls showed 
any tumors and none died. It is clear from this figure that the neutron-
i r rad ia ted ra t s (100 rads x 4) died much ear l ie r than the " ,- irradiated 
animals , even though the lat ter received twice the dose (200 rads x 4). 
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Figure 12. Cumulative percent incidence of mammary tumors in female Sprague-
Dawley rats exposed to 4 weekly doses of fission neutrons or Co^^' >-rays. 
Numbers of animals are in parentheses. 
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F o r each r a d i a t i o n the s l o p e s of the l i ne s r e p r e s e n t i n g t u m o r 
inc idence and m o r t a l i t y a p p e a r to be p a r a l l e l . H o w e v e r , the t i m e b e t w e e n 
the o c c u r r e n c e of t u m o r s and the r e s u l t a n t m o r t a l i t y a p p e a r s to be con ­
s i d e r a b l y s h o r t e r after n e u t r o n s ( 3 - 4 mon ths ) t han af ter Co 7 - r a y s 
(5 -7 i-nonths). 

S e v e r a l of t h e s e r a t s deve loped m u l t i p l e t u m o r s be fo re dea th : 
During the f i r s t 400 days af ter f i r s t e x p o s u r e , 17 n e u t r o n - i r r a d i a t e d r a t s 
had 2 o r 3 d i f fe ren t m a m m a r y t u m o r s , w h e r e a s only 5 7 - i r r a d i a t e d r a t s had 
m o r e than 1 t u m o r . 

The inc idence of t u m o r s in each d o s e - r a t e g r o u p i s shown in F i g ­
u r e 13 for each r a d i a t i o n and the s u r v i v a l da t a for t h e s e s a m e g r o u p s a r e 
i l l u s t r a t e d in F i g u r e 14. The effects of i n t e n s i t y wi l l be a n a l y z e d when 
the e x p e r i m e n t i s coi-npleted. 
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Figure 13 . Cumula t ive percent inc idence of m a m m a r y tumors in female Spragne-Dawley rats 

exposed to 4 weekly de>ses ot fission neutrons or Co'^^ y- rays a t different dose-ra tes . 

Numbers of an imals are in parentheses. 
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A FUNCTION FOR THE TISSUE MAST CELL 

L. R. Draper* and D. E. Smith 

The t issue mas t cells have been shown to contain h i s tamine , 5-
hydroxytryptamine, hepar in and hyaluronic acid, substances having signifi­
cant physiological act ion.( l ) Functions for the t i ssue mas t cel ls have not 
been demionstrated c lear ly , however . Information concerning thei r function 
should be obtainable by determining whether phenomena conceivably con­
trol led or influenced by the mas t cells in normal t i s sues a r e a l te red in 
t i s sues made substantial ly free of mas t ce l l s . This note is concerned with 
such an approach, using a l tera t ions in the permeabi l i ty of blood vesse l s 
that have been observed to follow antigen-antibody reac t ions in tissue.v^^ 

The serous t i s sues of the per i toneal cavity of the Sprague-Dawley 
rat weighing about 150 g were the objects of study. The m a s t cel ls of these 
t i s sues were destroyed by the in t raper i toneal injection of 20 ml of dist i l led 
water . This t rea tment causes the immediate disruption of mas t ce l l s , the 
debr is of which is phagocytized during the ensuing 3 to 5 days . Thereupon, 
the serous t i s sues of the peri toneal cavity a r e quite normal in appearance 
except that they lack mas t cells. '^" '^) The effects of antigen-antibody r e ­
actions on vascular permeabi l i ty , as determiined by the method outlined by 
Ovary,^-'' in normal r a t s (having an intact nnast cell population in the se rous 
t i s sues of the peri toneal cavity) were compared with r a t s t r ea ted with d i s ­
tilled water 6 to 1 0 days previously. In these t e s t s , a dilution of an t i se rum 
(rabbit anti-egg albumin) was injected in t raper i toneal ly in volumes of 1 or 
5 ml . (No es t imates were made of the activity of the an t i se rum in t e r m s of 
the m a s s of antibody n i t rogen /ml . ) This was followed 3 hr l a te r by the i n t r a ­
venous injection of 1 0 mg of c rys ta l l ized egg albumin in 1 .0 or 1 .5 ml of a 
1% solution of Evans Blue dye in 0.9% NaCl. Fifteen to twenty minutes l a t e r 
the animials were killed by ether anes thes ia , and the per i toneal t i s sues were 
examined for leakage of the dye into the per ivascu la r spaces . Normal 
rabbit s e rum was used as a control for the an t i se rum. 

The mesen te ry and par ie ta l peritoneumi were found to have a dark 
blue color in normal ra t s t r ea ted with rabbi t ant i -egg albumin s e rum and 
egg albuinin, whereas the blue coloration was markedly at tenuated or absent 
in r a t s previously t rea ted with dist i l led water . No ex t ravascu la r blue 
coloration was seen in these t i s sues in ei ther normal or w a t e r - t r e a t e d r a t s 
into which normal rabbit s e rum was injected instead of the an t i se ru in . Sub­
stantially the same resu l t s were obtained when the skin was used as the 
site of the antigen-antibody react ion, the m a s t cells having been previously 
destroyed by the local i n t r ade rma l injection of dist i l led wa te r . P r e l i m i n a r y 
experimients suggest that r e su l t s s imi la r to, though l e s s s t r iking than those 

* P re sen t a d d r e s s : National Cancer Insti tute, National Inst i tutes of 
Health, Bethesda, Maryland 
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descr ibed above, may be found in r a t s in which mas t cell destruction has been 
effected by the injection of an t i -mas t cell s e rum prepared in rabbits^") or by 
repeated adminis t ra t ion of the his tamine l ibe ra to r , 48/80. 

We in te rpre t the findings of the p resen t experiments to indicate that 
the increased permeabi l i ty accompanying the antigen-antibody react ion de­
pends, in par t at leas t , upon the p resence of the t i ssue mas t cel l , the r e l ea se 
of i ts h is tamine and/or 5-hydroxytryptamine being direct ly responsible for 
the a l terat ion in permeabi l i ty . The mechanism by which the r e l ea se of these 
substances is brought about is not c lea r . It is known from previous expe r i ­
men t s , however, that mas t cells disrupt and r e l ea se their granules into the 
surrounding t i ssue in passive anaphylaxis(7) and recently, Archer 'o ) has 
repor ted that a heat - labi le substance is formed during an antigen-antibody 
react ion which causes the disruption of ra t mas t cells in v i t ro . That mas t 
cells may init iate inf lammatory p roces se s following other t i ssue injury in 
r a t s is suggested by Sheldon and Bauer.(°^ The present r esu l t s indicate 
that the mas t cel ls may be of p r i m a r y importance in initiating the inflami-
ma to ry response accompanying antigen-antibody reac t ions . 
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PROGRESS REPORT: DISEASES AND CARE OF LABORATORY ANIMALS 

I. Effects of Pseudomonas Infection of Mice 

R. J. Flynn, E. J. Ainsworth and I. Greco 

Pseudomonas infection in ter feres with radiobiological studies and 
probably with many other s t r e s s studies as well. In the presence of such 
infection the resul ts of post i r radiat ion protection exper iments involving 
therapeutic agents such as bone mar row and bacter ia l pyrogens cannot be 
satisfactori ly explained because if the lethally i r rad ia ted animals a re in­
fected, they die before any therapy can be effective. Because many radio­
logical labora tor ies- '' as well as our own have been affected by this 
problem, an effort is being made to resolve it. 

Effects on Radiobiological Studies. The effects of Pseudomonas 
infection on survival t ime after exposure to a lethal dose of X- rays is 
graphically i l lustrated in Figure 15. Before the colony became infected, 
the mean survival t ime of CF No. 1 (Argonne) "pathogen-free" mice ex­
posed to 700 r was 13.81 days. When infected nnice were exposed to i r r a ­
diation, their mean survival t ime dropped to 6.01 days. 
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Figure 15 

The effects of Pseudomonas infection on 
tlie mean survival time (MST) of mice 
after exposure to a lethal dose of X-rays, 

6 8 10 12 14 16 IB 20 22 24 26 28 30 

DAYS AFTER IRRADIATION 

The survival pat tern observed when some but not all of the i r rad ia ted 
aniinals a re Pseudomonas c a r r i e r s , the usual situation, is i l lus t ra ted in 
Figure l 6 . Note the slight but definite biiiiodality and the "shift to the left" 
(decreased survival t ime). Also shown in this figure is the survival curve 
for s imilar ly i r rad ia ted mice free of Pseudomonas. 

A differential radiation sensitivity, in t e r m s of 30-day survival , 
exists between Pseudomonas c a r r i e r s and Pseudomonas-f ree mice , but 
the current data a re insufficient to quantitate this difference. It has been 
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o b s e r v e d r e p e a t e d l y , h o w e v e r , tha t the LD99 30 for P s e u d o m o n a s - f r e e 
C F No. 1 ( C a r w o r t h ) m i c e i s a p p r o x i m a t e l y 750 r , w h e r e a s 650 r p r o d u c e s 
conaparab le m o r t a l i t y in P s e u d o m o n a s - i n f e c t e d C F No. 1 (Argonne) m i c e . 
(a lso s e e be low) . 

A t t e m p t s w e r e m a d e to r e p r o d u c e the e a r l y dea th effect i l l u s t r a t e d 
in F i g u r e 15 by feeding P s e u d o m o n a s in d r ink ing w a t e r to noninfec ted m i c e . 
With the e s t a b l i s h m e n t of an eff icient " g u t - s e e d i n g s y s t e m , " a t t e m p t s could 
be m a d e to a l t e r the gut f lo ra e x p e r i m e n t a l l y (with L a c t o b a c i l l u s , for 
e x a m p l e ) in such a way a s to r e n d e r the m i c e m o r e r e s i s t a n t to n a t u r a l 
c o n t a m i n a t i o n with P s e u d o m o n a s o r g a n i s m s . 
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Figure 16 

The survival pattern of lethally irradiated 
(900-1200 rads Co^^T rays) mice when 
only some of the animals are Pseudomonas 
carriers. Also shown is the survival pattern 
for mice free of Pseudomonas. 
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In a p r e l i m i n a r y e x p e r i m e n t , Pseudoi-nonas o r g a n i s m s (6.5 x l O / m l ) 
w e r e fed to un infec ted C F No. 1 (Argonne) ixiice for 24 h r 7 days be fo re 
i r r a d i a t i o n , and in t h i s t r i a l the typ ica l s u r v i v a l c u r v e of i r r a d i a t e d infec ted 
m i c e r e s u l t e d . A cha l l enge dose of 6.5 x 10 o r g a n i s m s did not p r o d u c e th i s 
effect , thus ind ica t ing s o m e s o r t of t h r e s h o l d . When a n o t h e r g roup of 40 un ­
infec ted C F No. 1 (Argonne) m i c e was fed P s e u d o m o n a s 14 days be fo re be ing 
given 700 r , c u l t u r e s of the h e a r t ' s blood and guts of a l l d e c e d e n t s and 30-
day s u r v i v o r s r e v e a l e d tha t only 6 of the 40 m i c e b e c a m e in fec ted . No e a r l y 
d e a t h s o c c u r r e d , and 25 of the m i c e s u r v i v e d (LD37 5/30). These r e s u l t s i n ­
d i ca t e tha t p roduc t ion of e a r l y dea th by a s ing le feeding of P s e u d o m o n a s i s 
in f luenced both by the t i m e of feeding and by the cha l l enge dose of o r g a n i s m s . 
No a t t e m p t was m a d e to d e t e r m i n e the n u m b e r of P s e u d o m o n a s o r g a n i s m s 
tha t b e c a m e " i m p l a n t e d " in the i n t e s t i n e . A g r e a t a t t r i t i o n undoubtedly 
o c c u r s in the s t o m a c h , and the r e s u l t s of feeding 14 days before i r r a d i a t i o n 
s u g g e s t that m o s t of the o r g a n i s m s that r e a c h the gut a r e e l i m i n a t e d . 

When a n o t h e r g r o u p of 39 noninfected C F No. 1 (Argonne) m i c e was 
inocu la t ed 4 days be fo re i r r a d i a t i o n , and the w a t e r bo t t l e s w e r e re f i l l ed 
but not exchanged du r ing the e n t i r e e x p e r i m e n t , the r e s u l t s w e r e d r a m a t ­
i c a l l y d i f fe ren t . P s e u d o m o n a s o r g a n i s m s w e r e r e c o v e r e d f rom the f eces o r 
h e a r t ' s blood of 35 of the 39 m i c e , m a n y e a r l y d e a t h s o c c u r r e d , and only 5 of 
the 39 m i c e s u r v i v e d (LDgy.j/so)-
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Effec t s on Othe r T y p e s of R e s e a r c h . It h a s b e e n sugges t ed (5 ) t ha t 
the o b s e r v e d d e c r e a s e d s u r v i v a l t i m e of C F No. 1 (Argonne) miice fol lowing 
inocu la t ion wi th E 0 ( H ) a s c i t e s t u m o r m a y be due to P s e u d o m o n a s in fec t ion . 
It h a s a l s o b e e n r e p o r t e d tha t P s e u d o m o n a s infec t ion i n t e r f e r e s wi th b u r n 
t h e r a p y s t u d i e s . ( " / The s t r e s s a s s o c i a t e d wi th the b u r n s a p p a r e n t l y a c t i v a t e s 
ths P s e u d o m o n a s infec t ion in a m a n n e r s i m i l a r to t ha t of i r r a d i a t i o n , i . e . the 
m e a n s u r v i v a l t i m e i s d e c r e a s e d and the m o r t a l i t y i n c r e a s e d . 

P s e u d o m o n a s - i n f e c t e d m i c e a l s o a p p e a r to be l e s s r e s i s t a n t to e x -
p e r i r a e n t a l i n f e c t i o n s . An i l l u s t r a t i o n of t h i s i s g iven in T a b l e 8. In fec ted 
C F No. 1 ( C a r w o r t h ) m i c e w e r e c h a l l e n g e d wi th i n t r a p e r i t o n e a l i n j ec t i ons 
of s a l i n e s u s p e n s i o n s of l iv ing P r o t e u s m o r g a n i i . The P s e u d o m o n a s - i n f e c t e d 
s u b s t r a i n w a s far m o r e s u s c e p t i b l e to the b a c t e r i a l c h a l l e n g e than w a s the 
un infec ted s u b s t r a i n . H o w e v e r , i t w a s not c l e a r l y shown t h a t th i s effect w a s 
e n t i r e l y a t t r i b u t a b l e to the P s e u d o m o n a s " c a r r i e r s t a t e " and not to somie 
o the r e n v i r o n m e n t a l o r i n h e r i t e d d i f f e r e n c e . 

T a b l e 8 

I n t r a p e r i t o n e a l cha l l enge wi th l iv ing P r o t e u s m o r g a n i i 

Cha l l enge d o s e , 
n u i n b e r of 
o r g a n i s m s 

15 X 10"̂  
10 X 10^ 

5 X 10^ 
2.5 X 1 0 ' 

7 2 - h r m o r t a l i t y 

C F No. 1 
( C a r w o r t h ) 
un in fec t ed 

10 /25 
0 / 2 5 
0 / 2 5 
0 / 2 5 

C F No, 1 
(Argonne) 

i n f ec t ed 

1 4 / 1 5 
1 2 / 1 5 

3 / 1 5 
0 / 1 5 

II. S tud ies on the D i a g n o s i s of P s e u d o m o n a s In fec t ion of M i c e 

R. J . F l y n n and I. G r e c o 

The fact t h a t Pseudomionas in fec t ion i n t e r f e r e s wi th r a d i o b i o l o g i c a l 
r e s e a r c h m a k e s i t e m i n e n t l y d e s i r a b l e to e l i m i n a t e the o r g a n i s m s f r o m the 
e x p e r i m e n t a l a n i m a l s . T h e r e f o r e , a r a p i d , a c c u r a t e m e t h o d of d i a g n o s i s , 
p r e f e r a b l y in the l iv ing a n i m a l , i s an e s s e n t i a l p r e r e q u i s i t e . The p r e s e n t 
r e p o r t d e s c r i b e s 1) a t t e m p t s to d e t e c t P s e u d o m o n a s o r g a n i s m s by m e a n s 
of d i f f e r en t i a l g r o w t h c h a r a c t e r i s t i c s on s e v e r a l b a c t e r i o l o g i c a l c u l t u r e 
m e d i a , and 2) r e s u l t s of s t u d i e s of the i n c i d e n c e of r e c o v e r y of t h i s o r g a n ­
i s m f r o m w a t e r b o t t l e s known to be c o n t a m i n a t e d . 



Comparative Studies of Culture Media and Incubation Tempera tu re s . 
Pure cul tures of 8 pigm.ent-producing and 3 supposedly non-pigm.ent-
producing s t ra ins of Pseudomonas aeruginosa were used in these s tudies . 
For comparat ive purposes , typical s t ra ins of other enter ic bac ter ia were 
a lso used. These were Salmonella typhimurium, Alkaligenes faecal is . 
Streptococcus faecal is , Escher ich ia coli , Paracolobact rum sp. , Aerobacter 
ae rogenes , Pro teus morgani i , and three cul tures of Proteus m.irabilis. 
Thir teen different media were used: te trathionate broth, t r ip le sugar i ron 
agar s lants , b r a in -hea r t infusion broth, lead acetate agar s lants , lactose 
broth, Simmons c i t ra te agar s lants , glycerol b r o t h , ( ^ ) T G Y (tryptone, glucose, 
yeast) agar s lants , SS (Salmonella-Shigella) agar p la tes , EMB (eosin methyl ­
ene blue) agar pla tes , blood agar p la tes , glycerol agar plates,(1) and gelatin. 
The gelatin was incubated at 26"C; the other media at 37°C and 41 °C. Ob­
servat ions were made for growth, hemolys i s , pigment production, and any 
other morphological or biochemical cha rac t e r i s t i c s that might aid in the 
differential diagnosis of Pseudomonas infection. 

At 37°C5 most of the organisms grew well on most of the media . 
Exceptions were the two species of P ro t eus , which failed to grow onSimm.ons 
c i t ra te agar , and S^ faecal is , which failed to grow well on any of the media . 

At 41 °C, mos t of the o rgan isms grew poorly. Exceptions were the 
eleven s t ra ins of P . aeruginosa , all of which grew well on t r iple sugar i ron 
agar , blood agar , and glycerol aga r . Another important exception was 
S. typhimurium., which not only grew very well on these media , but on most 
of the others a lso . Although this observat ion may be of l i t t le value in the 
differential diagnosis of Pseudomonas infection, it may be of grea t impor ­
tance in the differential diagnosis of Salmonellosis and will be studied 
fur ther . After 48 h r , all eleven s t ra ins of _P̂  aeruginosa grew well on 
Simmons c i t ra te agar at this temiperature. Only A., aerogenes and, to a 
l e s s e r extent, A^ faecalis grew s imi la r ly . 

Hemolysis of blood agar was produced at 37''C by _S. faecalis (alpha 
hemolysis) and by 9 of the 11 s t ra ins of P^ aeruginosa (beta hemolys is ) . At 
41 °C, only 5 of the 11 s t ra ins of P . aeruginosa were capable of producing 
hemolys i s . 

Blue-green pigment (pyocyanin) production was assoc ia ted only with 
P . aeruginosa . At 37°C, of the 11 s t r a i n s , 4 produced pigment in te trathionate 
broth , 5 in b r a in -hea r t infusion broth, 8 on SS agar , 9 in glycerol broth*, and 
10 on glycerol agar . (The one s t ra in that failed to grow and produce blue-
green pigment on glycerol agar was observed to have produced pigment on 
this miedium on a previous occasion.) At 41 °C, b lue-green pigment was p r o ­
duced in glycerol broth by 4 of 11 s t r a in s , and on glycerol agar by 9 of the 
11 s t r a i n s . No other medium supported pigm.ent production at this 
t e m p e r a t u r e . 

* The vigorous shaking of glycerol broth tubes before reading great ly 
i nc reases the intensity of the b lue-green pigment, if p resen t . 
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Gelatin was liquefied by one s t ra in of P . m i r ab i l i s , and by all 
11 s t ra ins of P . aeruginosa . (Serrat ia m a r c e s c e n s and most s t ra ins of 
Staphylococcus a re also capable of producing this effect.) 

A s i lvery metal l ic i r idescence was observed assoc ia ted with some 
of the s t ra ins of P . aeruginosa on cer ta in media , but this was not a cons i s t ­
ent finding. It was observed incidentally that the greenish meta l l ic sheen 
produced on EMB agar at 37°C by E. Coli and occasionally by A. aerogenes 
was produced in profusion by the la t te r o rganism at 41 °C. 

An unusual prec ip i ta te , apparent ly c rys ta l l ine , was noted to occur 
on SS agar after 72 h o u r s ' incubation at 37°C. Because this as yet unex­
plained finding was found assoc ia ted with only S. typhimurium and 1 0 of the 
11 s t ra ins of P. aeruginosa, it miay have differential diagnostic value. 

Although further studies of this la t te r phenomenon a r e indicated, the 
other resu l t s show that the one easi ly d iscernible cha rac t e r i s t i c of 
P . aeruginosa, namely the capacity to grow at 41 ° C , ' ' ^ is sufficiently ubiq­
uitous among enter ic bac te r ia to be of l i t t le or no diagnostic value. For the 
present at leas t , the prac t ica l diagnosis of Pseudomonas infection, there fore , 
mus t depend u]30n the detection of pigment production, and for th i s , glycerol 
broth and glycerol agar a r e the most sens i t ive . 

Water-bott le Culturing. Glycerol broth and glycerol agar were used 
to tes t water bottles from 64 known infected cages of mice for P . aeruginosa 
in a var ie ty of ways to deter inine the s imples t and mos t efficient testing 
procedure , 

Table 9 shows the comiparative efficiency of incubating inoculated 
glycerol broth tubes for 12 days at 37°C and at 26°C. The higher incubation 
t empera tu re is the most efficient. Also, positive reac t ions , as indicated by 
pigment production, occur e a r l i e r at the higher t e m p e r a t u r e . 

Table 9 

The influence of the t ime water bottles remained on cages 
before testing and of the incubation teiTiperature on the 

efficiency of detecting Pseudomonas infection 

Incubation 
t empera tu re , °C 

37 
26 

% Incidence of detection 

Days on cages 

1 

82.9 
79.7 

2 

93.7 
79.7 

3 

98.5 
89.1 

4 

96.9 
92.2 
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Table 9 a l s o shows tha t the a c c u r a c y ( i . e . i nc idence of de t ec t i on ) of 
th i s miethod i s r e l a t e d , for 4 days a t l e a s t , to the length of t i m e the w a t e r 
b o t t l e s a r e left on the c a g e s b e f o r e t e s t i n g . 

The eff ic iency of de t ec t ion was in f luenced by the t ime of s u b c u l t u r ­
ing f r o m g l y c e r o l b r o t h to g l y c e r o l a g a r ( F i g u r e 17). Subcu l tu r ing at day 1 
was found to be miore eff icient than a t day 3 , and at day 3 , m o r e than a t 
day 7. A c o m p a r i s o n with the c u r v e s for b r o t h cu l t u r e a lone s h o w s , h o w ­
e v e r , tha t s u b c u l t u r i n g f r o m b r o t h tubes to a g a r p l a t e s gave no m o r e a c ­
c u r a t e r e s u l t s than us ing the b r o t h tubes a l o n e . (It should be no ted t h a t 
th i s o b s e r v a t i o n a p p l i e s only to the cu l t u r i ng of w a t e r b o t t l e s . When cu l tu r ­
ing f e c e s and s i m i l a r opaque o r p i g m e n t e d m a t e r i a l s , the d i agnos t i c b l u e -
g r e e n p i g m e n t i s not a lways e a s i l y d i s c e r n i b l e , and subcu l t u r i ng to a g a r 
i s f r equen t ly n e c e s s a r y . ) 

O o Subcultured to 
plates at day I 
Subcultured to 
plates at day 3 

Subcultured to 
places ot day 7 

Figure 17 

Influence of time of subculture on efficiency 
of detection. The 4-day water bottles were 
cultured on glycerol broth and subcultured on 
glycerol agar on days 1, 3, and 7. 

I I I . S t u d i e s on t h e E p i d e m i o l o g y of P s e u d o m o n a s I n f e c t i o n i n M i c e 

R . J . F l y n n , I . G r e c o , a n d L . O . B i b b s 

B e f o r e a n i n f e c t i o u s d i s e a s e c a n b e c o n t r o l l e d , i t i s n e c e s s a r y to 
k n o w i t s e p i d e m i o l o g y , i . e . , i t s m e t h o d of s p r e a d i n g . T h e r e f o r e , t h e p o s ­
s i b l e v e c t o r s of P s e u d o m o n a s i n f e c t i o n w e r e s t u d i e d . 

P o s s i b l e I n a n i m a t e V e c t o r s . A n u m b e r of i n a n i m a t e m a t e r i a l s 
( T a b l e 10) w e r e c h e c k e d f o r P . a e r u g i n o s a , u s i n g g l y c e r o l b r o t h a n d g l y c e r o l 
a g a r p l a t e s . 

Of t h e s a m p l e s l i s t e d , o n l y t w o w e r e p o s i t i v e : a n a i r s a m p l e ( 6 0 -
m i n u t e p l a t e c o u n t ) f r o m a r a b b i t r o o m a n d a n a i r s a m p l e ( 6 0 - m i n u t e 
p l a t e c o u n t ) f r o m a c h i c k e n r o o m . In t h e f o r m e r , of 11 0 c o l o n i e s c o u n t e d , 
o n l y 2 w e r e P s e u d o n a o n a s c o l o n i e s . In t h e l a t t e r , of 500 c o l o n i e s c o u n t e d , 
2 w e r e P s e u d o m o n a s . N o n e of t h e o t h e r m a t e r i a l s t e s t e d w a s f o u n d t o b e 
c o n t a m i n a t e d w i t h t h e o r g a n i s m . 
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TABLE 10 

Inanimate ma te r i a l s tested for Pseudomonas 

Mater ia ls 

Animal Bldg. 

Sinks 
Floors 

Door knobs 
Walls 

Cage wash. mach. 
Injection hood 

Aninaal Equip. 

Water bot t les* 
Stoppers* 
Nipples* 
Rodent cages* 
Chicken cages 
Racks 
Scale pans 

Air Samples 

Rodent roomis 
Rabbit rooms 
Chicken rooms 
Dog room 
Kennels 
Grasshopper room 
Cage wash, room 
Food s to re room 
Surgery room 
Injection roonn 

No. of 
samples 

27 
25 

22 
3 

2 
1 

96 
96 
96 

100 
4 
7 
1 

19 
3 
3 
1 
2 
1 
2 
1 
1 
1 

Mater ia ls 

Animial Feeds 

Mouse (Wayne) 
Mouse (Staley-

Rockland) 
Mouse (Purina) 
Mouse (Dietrich and 

Gambril l ) 
Rabbit (Wayne) 
Guinea pig (Staley-

Rockland) 
Dog (Fr i sk ies ) 
Chicken (Wayne) 
Monkey (Purina) 
Baby (Pablum) 
Dried milk 
Bird seed 
Alfalfa hay 
Lettuce 
Sugar 
Wheat ge rm oil 
Vit. A and D oil 
Gravel 

Water 

Drinking water 

Bedding 

Wood shavings 

Vaccine 

Mouse pox 

No. of 
samples 

78 
10 

29 
2 

10 
13 

9 
14 

2 
1 
2 
2 

96 

100 

21 

After sanitizing 
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Possible Animate Vec tors . The hands of 1 2 animal technicians were 
examined as they a r r ived at work and again at the end of the work day. 
Eleven were consistently negative, both on ar r iv ing and leaving; one was con­
sis tent ly posi t ive. Even after repeated scrubbing and a 10-day absence , the 
hands of this one individual remained infected. 

Another animate vector that may be of equal or g rea te r impor ­
tance is the cockroach. Of 62 cockroaches mashed and cultured in glycerol 
broth, 17 were found to be harbor ing P . aeruginosa . To determine whether 
the cockroach is me re ly a mechanical vector or if it c a r r i e s the infection 
internal ly , as does the grasshopper , (8) 97 additional cockroaches were 
cultured but not mashed. All 97 were negative. 

Additional Animate Vec to r s . Obviously the infected mice themselves 
a r e a possible source of contamination to their cagemates , and presumably 
to all other mice in the same room. Although we a r e still in the p rocess of 
acquiring detailed data concerning the frequency and periodici ty of passage 
of P . aeruginosa in the feces of infected an imals , our data to date indicate 
that infected miice do pass the o rgan ism most of the t ime . Since it has been 
shown that m.ice can be infected by the oral feeding of Pseudomonas (SectionI), 
the spread of infection within a cage see ins , therefore , to be siraple and d i rec t . 

The spread of infection from mother to young is also apparent ly d i rec t , 
thus perpetuating infection within a colony. 

But the spread of infection from infected cages to unrela ted, uninfected 
cages was deduced only after it was observed that uninfected animals moved 
into an infected breeding room, but separa te ly caged, remained free of infec­
tion, while at the same t ime, an infection that had gained entrance into a 
fo rmer ly uninfected breeding room spread rapidly. When it was noted that 
the infection in the la t ter room was spreading horizontal ly and downwardly 
within a rack , without r ega rd for familial re la t ionships , the method of spread 
from cage to cage became apparent . 

In the room in which the infection failed to spread , the breeding 
stocks were housed in s teel cages with solid s ides , wire bot toms, a d rop­
ping pan, and without bedding. In the room in which the infection was sp read­
ing, the stocks were housed in plast ic cages with perforated meta l tops and 
with wood shavings as bedding. Mice housed in these la t te r cages , especial ly 
during the nocturnal per iods of high activity, threw soiled bedding and feces 
out through the perforat ions in the cage top onto the rack shelf and floor, and 
onto or into any closely adjoining cages . Cul tures made of such soiled bed­
ding taken from the tops of cages , from between cages , and from the floor 
in front of the infected rack were found to be infected with Pseudomonas . 
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IV. Disease- f ree (Pathogen-free) Breeding Colony 

R. J. Flynn and L. O. Bibbs 

For the las t few y e a r s , efforts have been made to maintain a d i s e a s e -
free rodent breeding colony within the existing animal q u a r t e r s . This has 
been difficult, f i rs t , because the facili t ies available have been inadequate, 
and, second, because we lack knowledge of the epideiniology of many of the 
common d i seases of labora tory rodents . 

The f i rs t at tempt at maintaining such a colony failed because the 
animals became infected with the oxyurids (pinwormis) Syphacia obvelata 
and Aspicular is t e t r ap te ra . Efforts to determine the source of these infec­
tions were to no avail , and one could only assume that an undetected e r r o r 
in technique had probably occur red . 

The next at tempt failed because the mice became heavily infected 
with Pseudomonas . When it was learned that the ca re t ake r responsible for 
these animals was a Pseudomonas c a r r i e r (Section III), a personnel change 
was made and a new colony was init iated. 

Concurrent with the development of these colonies, studies were 
s ta r ted concerning the diagnosis and epidemiology of the common d i seases 
of labora tory an imals , par t icu la r ly Pseudomonas infection (Sections II and 
III). Therefore, when the third colony becaine infected on three separa te 
occasions , the infection was discovered promptly and quickly el iminated, 
usually by destroying only a ve ry small percentage of the total population. 

Unfortunately, the sources of these outbreaks were not conclusively 
proven. One appeared to resul t from the heavy infestation of the ent i re 
animal quar te r s with cockroaches , now known to be a source of infection 
(Section III). Improvements in the vermin control program, have reduced 
this problem to a minimum but have not el iminated it . 

In another outbreak, the diet was suspected. All a t tempts to isolate 
Pseudomonas from the nonster i l ized food were unsuccessful . However, the 
fact that only one infected food pellet may be enough to des t roy the value of 
the entire colony suggested the use of a s te r i l ized diet. Although a supposedly 
pathogen-free pas tear ized diet is cur ren t ly available commerc ia l ly , an inves t i ­
gation of the miethod employed in process ing this food indicates that while 
Pseudomonas contamination is unlikely, it is not completely el iminated. 
Therefore, a comimercially available mouse diet that is supposedly s t e r i l i z -
able at 15 pounds s team p r e s s u r e for 25 min, while remiaining nutr i t ionally 
adequate, is cur ren t ly being tes ted. 

The source of the thi rd outbreak has not been determined and could 
be due to any of the previously suggested poss ib i l i t ies . Thus, although 
p rog re s s has been made, much is still to be lea rned . 
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However, concerning the positive achievements of this p rogram, it 
must be noted that the las t two colonies have been ent irely free of a l l endo-
pa ra s i t e s , and that all colonies have been free of ec toparas i tes and such 
other commonly occurr ing d i seases as sa lmonel los is . 

The long-range objective of this p rogram is to produce uniformly 
healthy r e s e a r c h an imals . Resis tance to radiation in itself is not indicative 
of uniformity or good heal th. However, because radiosensi t ivi ty is frequently 
indicative of a latent infection or poor health, the fact that mice produced in 
these colonies (when not infected with Pseudomonas) have proved to be r e l a ­
tively rad iores i s tan t can only be encouraging. In a smal l t r ia l involving 40 
100- to 110-day-old mice , the LD50/30 was found to be in excess of 700 r . 
In another t r i a l involving 150 female CF No. 1 (Carworth) mice (7 to 9 weeks 
°ld) ve r sus 150 fem.ale CF No. 1 (Argonne) mice (7 to 8 weeks old), the 
LD50/30 for the Carworth mice was found to be below 500 r , while that of the 
Argonne mice was in excess of 650 r . 
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THE IMMUNE RESPONSE IN HIBERNATING ANIMALS 

I. Antigen Disappearance in Hibernating Ground Squir re ls 
(Citellus t r idecemlineatus) 

B. N. Jaros low and D. E. Smith 

The res i s t ance of hibernating animals to infection has been studied 
by a number of workers. '-^) It would appear that inc reased r e s i s t ance to 
infection is concomitant with entry into hibernat ion. There is no evidence 
to suggest that inc reased res i s tance to infection is other than a nonspecific 
effect associa ted with physiological changes accompanying this p r o c e s s . To 
our knowledge, the immune response has not been studied in mamimals dur ­
ing hibernat ion. The present study is concerned with antigen disappearance 
in the hibernating ground squ i r re l (Citellus t r ideceml inea tus) . 

The ground squ i r re l s were collected in nor thern Illinois during 
September I960 and were maintained in a room at 23°C for six weeks p r io r 
to use . During this period they were individually caged and allowed free 
access to Rockland guinea pig diet with supplements of c a r r o t s twice weekly. 
Hibernation was induced by placing the aniraals , individually caged in a deep 
bed of wood shavings without food or water , in a room at 5°C and 50% rela t ive 
humidity. They were checked twice daily to determine their state of 
hibernation. 

We followed the disappearance of I - labeled bovine s e rum albumin 
( B S A ) fromi the circulat ion of hibernating and nonhibernating ground s q u i r r e l s . 
All squ i r re l s received a single in t raper i toneal injection of 10 mg of BSA 
labeled with I^ '̂' according to the method of Talmage _et al.^'^'' Serum from 
ground squ i r re l s was iodinated and injected by the same p rocedure . 

Blood sa.mples from the tail were collected on t a red filter paper , 
weighed, and counted in a well- type scinti l lation counter . Counts were co r ­
rected for background, disintegrat ion and weight of sample , converted to 
percentage of the activity of the sample taken one day after antigen injection, 
and plotted on a semilogar i thmic sca le . The ra te of antigen d isappearance 
was in three phases , as indicated by marked changes in the slope of the plot. 
These three phases were , in the terminology of Dixon et al.,l3J f i rs t , the 
equilibration phase, second, the nonimmune elimination phase , and third, the 
im.mune disappearance phase which m a r k s the appearance of antibody. 

In Figure 18 the mean slopes a r e plotted for each phase of antigen 
disappearance in the 4 t r ea tment groups . Thus, the mean slope for the period 
of equilibration is an average of the slopes of that phase for the individuals in 
the group. The mean slopes for the nonimmune elimination and the immune 
phases a re obtained in the same manner . 
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I 3 5 7 9 II 13 15 17 19 21 23 25 27 

DAYS AFTER ANTIGEN INJECTION 

ri'uri.- 18. A semilOiT plot of the mean disappearance curves of P"^-^-labeled BSA in groups A and B, and ot 
I -labeled ground squirrel scrum in groups C and D. After nijection ot labeled material on 
day 0; A, 14 animals maintained at 23°C; B, 11 animals maintained at 5°C for 14 days in hiber­
nation followed by a return to 23°C; C, 4 animals maintained at 23°C; D, 5 animals at 23" C for 
4 days, then in hibernation at 5°C for 14 days followed by a return to 23°C. The numbers associated 
with eacli phase of the plot show the half-disappearance rate in days. 

Group A is composed of 14 squi r re l s that remained at room temper­
ature after injection of antigen. Blood samples were taken 5 t imes during 
the first 7 days and 3 t imes during the next 5 days. The period of equil ibra­
tion in the animal las ts as long as 3.5 days with a half-disappearance time 
of 2.3 days. During the nonimmune elimination phase, which follows, the 
rate of antigen disappearance slows so that the antigen level decreases by 
half in 5.4 days. On the seventh day after antigen injection the half-
disappearance ra te becomes 1.5 days. This increase in rate of disappear­
ance is considered to mark the end of the induction period and the beginning 
of the immune phase wherein the appearanc of antibody in the circulation 
is followed by rapid removal of the circulating antigen-antibody complexes. 
This sequence is qualitatively s imi lar to that observed by Dixon et a l . l ^ ' in 
rabbi ts . 

Group B is composed of 11 animals that were placed in the cold room 
immediately after antigen injection. They all entered hibernation udthin a 
day. During the 2-week hibernation period only 4 samples were taken; fol­
lowing arousal the sampling schedule was the same as for group A. There 
was little or no disappearance of antigen during the period of hibernation. 
Upon arousa l , the half-disappearance rate became 4.4 days, which was not 
s tat is t ical ly different from that of the nonimmune elimination phase in A 
(5.4 days). After 5 days the end of the induction period was inarked by a 
change in the half-disappearance rate to 2.2 days. 
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To determine whether the ra te of d isappearance of the antigen upon 
awakening from hibernation was comiparable to the nonimmune d i sappear ­
ance ra te or was actually the resu l t of physiological p roces se s peculiar to 
a rousa l , we studied the disappearance ra te of labeled squ i r re l s e r u m . 

In 4 squ i r r e l s (group C) injected with labeled s e rum the half-
disappearance ra te was 3.3 days . In 5 s imi la r ly t rea ted squ i r r e l s (group D ) 
that entered hibernation 4 days after s e rum injection, the half-disappearance 
ra te upon a rousa l from 14 days of hibernation was 3.3 days . This was a l -
miost identical with the hal f -d isappearance ra te of 3.6 days for the sarae 
animals during the 4 days pr ior to hibernation and for the group C animals 
that did not h iberna te . In group D, as in group B, the re was l i t t le or no d i s ­
appearance of the labeled ma te r i a l during hibernat ion. Therefore , it is safe 
to assume that the disappearance ra te of antigen in squ i r r e l s coming out of 
hibernation is the reflection of a metabolic state (measured by antigen d i s ­
appearance) comparable with that of the nonhibernating ground s q u i r r e l s . 

Although there is little or no disappearance of homologous or heter­
ologous proteins from the circulat ion of hibernat ing ground s q u i r r e l s , the in­
duction period ends 5 days after a rousa l (group B, F igure 18). Since the 
normal induction period is 7 days (group A, Figure 18), it would appear that 
some of the events that occur during the induction period t r ansp i r ed while 
the ground squ i r re l s were hibernat ing. Work is in p r o g r e s s to de termine 
whether the whole or only par t of the induction period can be passed in 
hibernation. 

We wish to thank Miss Joan A. Stachura for her technical a s s i s t ance . 
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THE DNA SYNTHESIS TIME OF THE MYELOCYTE IN THE DOG 

M. A. Maloney, C. L. Weber and H. M. Patt 

This communication is concerned with the DNA synthesis time of 
the inyelocyte as revealed by autoradiographic analyses of bone mar row 
after admiinistration of t r i t ia ted thymidine. A single injection of t r i t ia ted 
thymidine can be thought of as a flash labeling; and the initial labeling in­
dex is approximately proport ional to the percentage of cells in DNA syn­
thes is . About 20% of myelocytes a re labeled within 30 min after thymidine 
injection. A DNA synthesis t ime for the dog myelocyte of about 5 hr was 
inferred from our previous studies of the early time course of labeled 
mi toses . This is shown in Figure 19. It will be noted that only 55% of 
myelocyte mi toses were labeled during the f irs t several hours after thy­
midine injection. Incomplete labeling of mitotic figures may be a conse­
quence of nonuniform availability of p recu r so r , although other factors 
may also be operat ive.( l ) 
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Figure 19 

Myelocyte mitoses after single injection of tritiated 
thymidine. 
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HOURS AFTER H^ THYMIDINE INJECTION 

The duration of the DNA synthetic period has been evaluated in 
another way in recent experii-nents. When tr i t ia ted thymidine is infused 
at a constant ra te for a period longer than the DNA synthesis t ime, the 
degree of incorporation will attain a maximum. Cells in synthesis at the 
beginning of the infusion will incorporate tr i t iated thymidine for a variable 
period. However, a cell that has jus t entered synthesis will label through­
out its synthetic period. Such a cell will label maximally and all cells en­
tering synthesis after the infusion has begun will reach a s imi lar maximum. 

Five beagles were infused at a constant rate with t r i t ia ted thymidine 
(rfT) in 5% glucose. One dog was infused with 12 mc of H^T (360 mc/mM) 
over a 12-hr period. The remaining 4 dogs were divided into two pa i r s : 
One of each pair received H^T with a specific activity of 360 m c / m M , the 
other with a specific activity of 36 m c / m M . All 4 dogs received a total 
dose of 10 mc of t r i t ia ted thynaidine, one pair over a 6-hr period, the 
other over a 6-r-hr period. Bone mar row samples were aspi ra ted at f r e ­
quent intervals during the infusion. Autoradiographs were prepared '^ / 
and one thousand myelocytes in each marrow sample were scored for 
grain concentration. 
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Figure 20 shows the myelocyte grain count distribution for one 
of the dogs. Although grain concentration reaches a maximum with t ime, 
several factors must be considered in evaluating data of this sor t . Owing 
to the relatively slow rate of infusion, labeled nucleoside may not be uni­
formly available at the outset; a few of the heavily labeled cells seen ini­
tially may reflect a biologic advantage in opportunity to incorporate the 
p r ecu r so r . 

Dog B 10 mc 36mc/mM H^T in 6 hours 
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Figure 20. Distribution of myelocyte grain counts during infusion of tritiated thymidine. 
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M o r e iiT.portant, p e r h a p s , s o m e of the ]a.beled ce l l s Vv-ill c o m p l e t e m i t o s i s 
dur ing the c o u r s e of t hymid ine infusion. The p r o g e n y of the f i r s t of t h e s e 
ce l l s wi l l be m i n i m a l l y l a b e l e d b e c a u s e of m i t o t i c d i lu t ion and, in c o n s e ­
q u e n c e , t h e s e c e l l s i-nay be l o s t f r om the l a b e l e d popula t ion . However , 
o the r c e l l s wi l l be added to the popula t ion , a s the m o r e heav i ly l abe led 
m y e l o c y t e s c o m p l e t e m i t o s i s . M a r r o w s p e c i m e n s wi l l include c e l l s tha t 
a r e being l abe l ed du r ing the e n t i r e p e r i o d b e t w e e n s u c c e s s i v e s a m p l i n g a s 
we l l a s c e l l s tha t have in i t i a t ed o r c o m p l e t e d s y n t h e s i s in th is i n t e r v a l . 

In o r d e r to c i r c u m v e n t t h e s e f a c t o r s , a t t en t ion h a s been focused on 
r e p r e s e n t a t i v e m y e l o c y t e s whose r e l a t i v e pos i t i on in r e s p e c t to g r a i n 
count d i s t r i b u t i o n is c o n s t a n t t h roughou t the infusion p e r i o d ; a ce l l tha t 
r e p r e s e n t s th i s pos i t i on is d e s i g n a t e d by an a r r o w in F i g u r e 20. The 
m e a n g r a i n c o n c e n t r a t i o n of such a r e p r e s e n t a t i v e ce l l in the five dogs 
which have b e e n s tud ied is shown in F i g u r e 2 1 . G r a i n c o n c e n t r a t i o n in­
c r e a s e s l i n e a r l y to a m a x i m u m which is r e a c h e d a f te r 4 - to 5 h r of 
infusion. Thus it a p p e a r s tha t the DNA s y n t h e s i s p e r i o d for the m y e l o c y t e s 
is 4— to 5 h r , wh ich is in good a g r e e m e n t wi th our p r e v i o u s e s t i m a t e b a s e d 
on a n a l y s i s of l a b e l e d m i t o s e s . 

Figure 21 

Changes in the gram count of a myelocyte 
whose relative position is constant througli-
out the infusion. 

^ . _^ a . J ^^ 
HOURS AFTER START OF H ^ INFUSION 
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RADIOSENSITIVITY OF THE HYPERTROPHYING MOUSE KIDNEY 

R. L. Straube and H. M. Pat t 

There has been considerable discussion as to the relat ive importance 
of hypertrophy and hyperplasia in the renal compensation following uni la te ra l 
nephrectomy. 1 •'• ""*/ We have employed desoxyribosenucleic acid (DNA) 
determinat ion in normal and hypertrophying mouse kidney in an at tempt to 
clarify this point. Results indicate that mi tos is plays a relat ively minor 
role in kidney enlargement following uninephrectomy in the young adult 
mouse . This sys tem, therefore , lends itself to study of radiat ion effects on 
a growth p roces s which is cha rac te r i zed raainly by enlargement of existing 
cel ls . 

CF No. 1 female mice of var ious age groups were anesthet ized with 
Nembuta l® adminis te red int raper i toneal ly . The right kidney was exposed 
by a dorsa l surgical incision, l igated, and removed; ca re was taken to 
maintain the integri ty of the adrenal gland. Another incision was made , 
and the left kidney was freed from the adrenal and ovary and exter ior ized . 
Local i r rad ia t ion of the organ was per formed through a 1-cm cone, using 
a GE Maximar 100 source . The radiat ion factors w e r e : 100 kv, 5 ma , 
target distance 15 cm, 2014 r / m i n using 0.1 m m of Al. By adjusting the 
X-ray cone and the mouse it was possible to i r r ad ia t e the ex te r io r ized 
kidney alone. Precaut ions were taken to prevent undue p r e s s u r e upon the 
kidney or its blood supply during i r radia t ion . The color of the ex ter ior ized 
organ remained normal throughout the i r radia t ion per iod. DNA de te r ­
minations were made according to the method of SchneiderV^/ as modified 
by Barton. '" ) The uni lateral ly nephrectomized mice were kil led at 5 to 
6 days postoperat ively and the remaining kidneys were taken for DNA 
determinat ion. These were compared with the normal kidneys removed 
from the same animals at the t ime of operat ion. The values repor ted for 
the 2-month-old animals a re based on individual mic rode te rmina t ions ; 
those of mice in other age groups r ep resen t pooled samples of severa l 
kidneys. 

In the normal mouse , removal of the right kidney resu l t s in a 50% 
increase in wet weight of the left kidney at 26 to 28 days postoperat ively. 
The weight of the remaining kidney at this t ime cor responds to 75-80% of 
the initial combined weight of both kidneys. The g rea t e r pa r t of this in­
c rease (40% increase above initial weight, 70% of init ial combined weight) 
is achieved by 14 days after nephrectomy, and this per iod was selected 
empir ical ly as the sacr i f ice t ime in the radiat ion exper iments . 

In the 2-month-old female CF No. 1 mouse (Table 11) the total 
DNA content of the normal kidney was 1.12 / ig, 1 a s tandard e r r o r of 0.05, 
whereas that of the kidney that had undergone hypertrophy for 5 or 6 days 
was 1.26 + 0.05. In both the ra t ( l ) and the mousel^) it has been repor ted 
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that mitotic activity, if it occurs in the hypertrophying kidney, takes place 
within 48 to 72 hr after nephrectonay. Statist ical analysis indicates that 
there was no significant difference between these values and that, in effect, 
the DNA content of normal and hypertrophying kidney is identical. The 
presence or absence of mi toses in the kidney of the female CF No. 1 appears 
to be an age-dependent phenomenon: in pooled samples from 4 - , 6-, and 
10.5-month-old mice no hyperplas ia was seen, but in the young 4- to 6-week 
group there was some indication of mitotic activity with an increase in 
DNA content. It may be of in te res t to note that a s imi la r age-dependent 
hyper t rophy-hyperplas ia relat ionship has been found in the rat.l'*) 

TABLE 11 

DNA content of the res idual kidney 5 to 6 days 
after uni la tera l nephrectomy 

Age at 
operat ion 

Normal 

No. mice 
DNA, 

jU g / k i d n e y 

After nephrectomy 

No. mice DNA, 
fig/kidney 

Pooled samples 

4-6 weeks 
2 months 
4 months 
6 months 
10.5 months 

13 
7 
6 
3 

11 

0.97 
1,12 
1.04 
1.17 
1.03 

13 
7 
6 
3 

11 

1.50 
1.23 
1.07 
1.00 
1.11 

Individual determinat ions 

2 months 9 1.12 ± 0.05* 9 1.26 1 0.04* 

•Standard e r r o r of mean. 

When the con t ra la t e ra l kidney of 2-month-old females was i r rad ia ted 
immediately after uninephrectomy, the hypertrophic response observed at 
14 days was not significantly a l te red until doses of X-ray in excess of 
20,000 r were employed (Table 12). The wet weight of kidneys subjected 
to 30 kr was significantly sma l l e r than that of the hypertrophying kidney 
without i r radia t ion , but l a rge r than the weight of the normal left kidney. 
This may be at t r ibuted in pa r t to abortive hypertrophy as well as to nec ros i s 
and sca r r ing ; cer ta inly sufficient functional renal t i ssue pe r s i s t ed to allow 
the animals to survive 14 days to sacr i f ice . When 50 kr was given, renal 
destruct ion was sufficient to preclude survival in the major i ty of micej 
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only 1 of 7 animals so t rea ted survived for 14 days. The increased renal 
damage is probably reflected in the body weight loss evidenced by these 
animals at the higher dose levels . 

TABLE 12 

Effect of local kidney X- i r rad ia t ion after uninephrectomy on 
renal compensation (measured 14 days postoperatively) 

X-ray 
dose, 

k r 

Normal 
kidney 

No. 
mice 

10 

Kidney 
wet wt., 

mg 
(Mean + S.E.) 

132.4+ 4.0 

P 
Body wt. at 
sacr i f ice , g 

21.1 

Change in 
body wt . ,* 

g 

I r radia t ion immediately after uninephrectomy 

0 
10 
20 
30 

18 
10 
18 

6 

188.2 + 4.6 
182.4+ 4.0 
163.6 + 9.3 
149.6 + 8.9 

>0.05 
<0.05>0.02 

vO.OOl 

21.4 
20.9 
17.5 
17.9 

+ 0.5 
-0.2 
-3.1 
-3.0 

I r radia t ion 5 days after uninephrectonay 

0 
10 
20 
30 

8 
9 
8 
6 

192.4+ 6.1 
169.7 + 5.6 
161.0 + 10.4 
136.9+ 8.0 

^0.05 
0.02 

<0.001 

21.1 
19.8 
18.9 
13.6 

+ 1.8 
-0.6 
-1.7 
-5.8 

•Weight at sacr if ice minus weight at t ime of i r rad ia t ion . 

In the compensatory hypertrophy of the kidney following unine­
phrectomy, the dry renal t i ssue r ep re sen t s about 25% of the total kidney 
weight. This rat io remains constant throughout the course of hypertrophy. 
It is interest ing to note that this proport ion is not a l t e red in the hyper­
trophy which accompanies the i r r ad ia ted nephrectomized s ta te ; the dry 
weight changes follow the wet weight even at the 20- and 30-kr levels . 

It was thought that a differential radio sensit ivi ty might exist between 
the kidney i r r ad ia t ed immediately after nephrectomy and one a l ready under ­
going hypertrophy at the t ime of i r radia t ion . To tes t this possibi l i ty , mice 
were nephrectomized and then subjected to local kidney i r rad ia t ion 5 days 
la te r . These animals were sacr i f iced 14 days after i r rad ia t ion (Table 12). 



The picture is s imi lar to that seen when i r radia t ion is adminis te red 
immediately after nephrectomy; the hypertrophic response shows a 
significant dec rease at about the 20-kr level. Again there is a sugges­
tion of a cor re la t ion between extent of renal daraage and loss of body 
weight. 

Following our initial observationsV^) of the effect of local X-
i r radia t ion on the growth capacity of mouse kidney, it was reportedl^) 
that a single sublethal (690 r) dose of X- i r rad ia t ion to the whole body 
suppressed mi tos is and inhibited subsequent compensatory hypertrophy 
in LAFj mice when given 3 hr after nephrectomy. If radiat ion was de­
layed 48 hr until mi tos is had occur red , hypertrophy was essent ial ly 
s imi lar to that of nonir radia ted controls . There a re obvious differences 
between local and whole-body i r rad ia t ion as well as differences between 
s t r a ins , but the discrepancy between these resu l t s and ours may also be 
at tr ibutable to age-dependent mechan i sms ; our 2-month-old CF No. 1 
naice had reached a stage of development or differentiation at which 
hyperplas ia no longer played an important par t in the kidney enlargement . 

It appears , then, that the comipensatory response which occurs 
after uni la tera l nephrectomy in the young adult mouse is relat ively radio­
res i s tan t and it is tempting to co r re l a t e this res i s tance with the major 
role that hypertrophy plays in this sys tem. Presumably , the radio sensitivity 
of cell renewal systenas, i .e . , organs which, even in the normal steady state, 
a re engaged in continued mitot ic activity (marrow and gut epithelium), i s , 
in par t , a reflection of g r ea t e r susceptibil i ty of the mitot ical ly active 
naoiety. In cont ras t , these studies emphasize the relat ive insensit ivity of 
a hypertrophying organ to radiat ion effects. 
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PRELIMINARY RESULTS FROM THE MONTE CARLO STUDY IN 
THE STOCHASTIC THEORY OF MORTALITY 

G. A. Sacher and E. Trucco 

The stochastic theory of morta l i ty in its present stage of develop-
menti-'-'^'^/ deals exclusively with those aspects of the mortal i ty p rocess 
which a re probabil ist ic in the sense that the occurrence of a lethal event 
is governed by chance alone. 

The oversimplified model studied so far can best be i l lustrated by 
a physical analogy: we consider an ensemble of identical and non-interacting 
par t ic les which are t rapped at the bottom of a potential well, i .e. , near the 
point 0 in Figure 22. The par t ic les , however, a re also in random (thernaal) 
motion, and this may cause their escape ac ross a potential b a r r i e r of 
height Q (Figure 22). Such an escape is interpreted as the "dying" of a 
par t ic le . 

The cubic potential V(y) 
**' K(y) ^ -dV/dy = 6Q(y2 - y) 

Figure 22 

-20y + 30y and the restoration function 

Clearly, this whole p rocess is a purely stochastic one: we cannot 
predict with certainty at what t ime an individual part icle will leave the 
well. But, as Pea r son has pointed out.l'*) for science chance is identical 
with knowing the percentage of successes and failures which are sure to 
occur in a considerable number of t r i a l s . 

One further point to be emphasized in connection with this simple 
model is that the potential well may actually be much more than just an 
analogy. We have, in fact, presented arguments in favor of a physiological 
potential function to descr ibe the cybernetic behavior of biological organ­
i sms (see Section 7 of Reference 3). 
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The p h y s i c a l p r o b l e m of p a r t i c l e s e s c a p i n g a c r o s s a p o t e n t i a l 
b a r r i e r w a s s tud i ed by K r a m e r s , ( 5 ) who d e r i v e d e q u a t i o n s to c a l c u l a t e 
the r a t e of e s c a p e in s o m e sinaple l i m i t i n g c a s e s . F o r m o r e g e n e r a l 
s i t u a t i o n s , h o w e v e r , an e x p l i c i t so lu t ion canno t be ob ta ined ; we h a v e , 
t h e r e f o r e , found it conven i en t to u s e a Monte C a r l o c o m p u t a t i o n . 

The i n v e s t i g a t i o n s p e r f o r m e d so f a r a r e b a s e d on a cub ic p o t e n ­
t i a l funct ion of the f o r m 

V(y) = -2Qy3 + 3Qy^ , ( l ) 

w h e r e y r e p r e s e n t s the s p a c e c o o r d i n a t e , and Q is a p o s i t i v e c o n s t a n t . 

Th i s func t ion i s shown in F i g u r e 22 ( so l id l i n e ) . 

The Monte C a r l o p r o g r a m p e r f o r m s a s e q u e n c e of " t r i a l s . " E a c h 
one of t h e s e c o r r e s p o n d s to the t r a j e c t o r y of a p a r t i c l e obeying the fo l low­
ing equa t ion of m o t i o n : 

d^y dv 
^ = - ^ 2 - ^ + K ( y ) + A(t) , (2) 

w h e r e jSj is a p o s i t i v e c o n s t a n t (the s o - c a l l e d d a m p i n g coeff ic ient ) and 
A(t) r e p r e s e n t s a G a i i s s i a n r a n d o m p r o c e s s in t i m e (t) w i th the p r o p e r t i e s 
u s u a l l y p o s t u l a t e d for s u c h funct ions in the t h e o r y of B r o w n i a n m o t i o n ( s ee 
R e f e r e n c e 6, E q u a t i o n 41 and t h o s e fo l lowing) . K(y) i s the f o r c e o r r e s t o r a ­
t ion funct ion , g iven by 

K(y) = - f ; (3) 

in ou r c a s e it b e c o m e s a q u a d r a t i c funct ion of y ( F i g u r e 22, do t t ed l i ne ) . 
Beyond the po in t y = yi = 2 ^'^^ m a g n i t u d e of the c e n t r a l l y r e s t o r i n g f o r c e 
beg ins to d e c r e a s e ; it f ina l ly b e c o m e s equa l to z e r o w h e r e the p o t e n t i a l 
funct ion h a s a m a x i n a u m . 

The i n i t i a l p o s i t i o n and ve loc i t y of the p a r t i c l e in e a c h t r i a l a r e 
t a k e n at r a n d o m f r o m a b i v a r i a t e r e c t a n g u l a r d i s t r i b u t i o n of p o s i t i o n and 
ve loc i t y c e n t e r e d a r o u n d the v a l u e s y = 0 and d y / d t = 0. In m o s t c a s e s an 
add i t iona l i n i t i a l i m p u l s e w a s a l s o i m p a r t e d to e a c h p a r t i c l e , a s e x p l a i n e d 
be low. T h u s , in the p r e s e n t a p p r o a c h we have two d i s t i n c t s o u r c e s of 
r a n d o m n e s s : one i s r e p r e s e n t e d by the funct ion A(t) in E q u a t i o n 2, and 
the s econd i s p r o v i d e d by the cho ice of i n i t i a l c o n d i t i o n s . E v e n though 
bo th of t h e s e a r e undoubted ly p r e s e n t in any n a t u r a l p o p u l a t i o n , we a re^ 
n e v e r t h e l e s S j p l ann ing to i n v e s t i g a t e e a c h one of t h e m s e p a r a t e l y in due 
c o u r s e of t i m e . 
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The f i rs t exper iments were performed by choosing the initial values 
as explained above, with the means of initial positions and velocities equal 
to ze ro ; each t r i a l las ted for the same length of t ime, t | . Then the percent ­
age of par t ic les escaping in a group of, say, 100 or 200 t r i a l s was counted. 
In this case it should be possible to compare the resu l t s with a theoret ical 
value calculated from an equation given by Kramers(5) (see also Equa­
tions 507 and 509 of Reference 7). K r a m e r s ' derivation is s t r ic t ly valid 
only for the limiting case in which the height, Q, of the potential b a r r i e r is 
very large compared to the var iance , Aj , of the initial distr ibution of p a r ­
t icle veloci t ies . 

So far our resu l t s have been inconclusive because the observed pe r ­
centage of escapes was ext remely smal l . To obtain rel iable s ta t is t ics one 
should therefore take a much l a rge r number of t r i a l s and /o r a longer t ime 
tf, and this makes the cost of computation prohibitive. We were thus forced 
to modify the Monte Carlo p rog ram, making it naore efficient for the case 
of very low escape probabi l i t ies . The procedure which was used is briefly 
descr ibed at the end of this repor t . 

The next s e r i e s of exper iments was performed like the one just 
mentioned; however, an initial impulse or "kick," of magnitude c>0, was 
added to the pa r t i c l e ' s velocity at tinae ze ro . This natural ly inc reases the 
rate of morta l i ty . In a biological in terpreta t ion such a kick may represen t 
the effect of a noxious, t r ans ien t external agent l ike, for instance, a single 
dose of ionizing radiation. 

As before, the percentage of escapes occurr ing in a t ime interval 
tf was determined; some f i rs t resu l t s a r e shown in F igure 23. Here the 
magnitude, c, of the kick is plotted along the absc i ssa , and the percent 
escapes during tf is plotted along the ver t ica l axis . Each point is based 
on at leas t 100 t r i a l s . The resul t ing distr ibution of escapes with varying 
c is approximately a Gaussian e r r o r function, as can be seen from Fig­
ure 24 where the same data a re represen ted using a probit scale on the 
ordinate axis . 

This resu l t should be compared with the s t r ic t ly de terminis t ic 
case which is obtained from the differential equation of motion 

dV dy 

Equation 4 was solved numerical ly on the IBM 650 conaputer in the Account­
ing Department; this workwas done by Mr. J . A. Scherer whosehelp is g r a t e ­
fully acknowledged. Choosing the initial conditions y(0) = 0and (dy/dt)o - c, 
it is found that according to this de terminis t ic picture all the par t ic les 

(4) 
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should stay inside the well if the initial velocity is smal le r than a cer ta in 
threshold CQ (with the pa r ame te r values used in our calculations we find 
that CQ « 0.58, as indicated by the dotted ver t ica l line in Figure 23), and 
all of them should escape otherwise. Instead of this , however, the nunaber 
of escapes increases gradually with c as soon as we introduce random 
t e r m s into our calculations. 
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Figure 23. Percentage of particles 
escaping m a certain time 
interval t{ plotted versus 
magnitude, c, of initial 
impulse. 
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Figure 24. Probit transform of the preceding graph. 

When the rate at which par t ic les tend to escape becomes too smal l , 
the Monte Carlo prograna must be improved. This can be achieved by 
means of a device technically known as "forcing escapes . " It is based on 
the fact that one can change the shape of the potential function within very 
wide l imi ts , perform the computations with the new potential, and frona 
these resul ts calculate the rate of escapes which would have been obtained 
with the original potential function. The mathemat ical details for this , and 
for other much more general p rocedures , a re given in a paper by Cameron 
and Martin.(8) 
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As an analogy we naay reca l l that in some problems it is advan­
tageous to introduce a new sys tem of coordinates for the actual calculat ions; 
then, at the end, the resul ts a r e again expressed in t e r m s of the original 
coordinates . 

Of course , the t ransformed potential , 'V(y), is chosen in such a way 
as to inc rease the probabili ty of escape great ly . We have taken 

V(y) = V(y) - ky , (5) 

where k is a posit ive constant, which means that a fictitious centrifugal 
force of magnitude k is a s sumed to act on each par t i c le . In this way it 
will be possible to plot the curves shown in F igures 23 and 24 with a 
much higher level of prec is ion , especial ly for smal l values of c and in p a r ­
t icular for c = 0. Sonae p re l iminary resu l t s obtained by this improved 
technique a r e a l ready at hand, but not in sufficient number to be included 
in this repor t . 

In conclusion we wish to thank D r s . J a m e s W. Butler and David 
A. Woodward of the Applied Mathematics Division who have great ly a s s i s t ed 
us in performing this work. 
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PROGRESS REPORT: ON THE FOKKER-PLANCK EQUATION IN THE 
STOCHASTIC THEORY OF MORTALITY 

E. Trucco 

In 1956 Sacher proposed that the following equation, of the Fokke r -
Planck type, be used to descr ibe random fluctuations of a physiological 
var iable around its mean s ta te : 

Here ji = x -m is the deviation of the var iable x from its homeostat ical ly 
controlled average value m; D and g a r e constants ; P(/i ,t)d/i r ep re sen t s 
the probability of observing a cer ta in value /i (within d/i) at t ime t. 

Sacher ' s basic resu l t was Equation 7 of Reference 1; his approach 
has been d iscussed in the literature.^'^'-^j 

However, a c loser examination shows that Sacher ' s calculations 
should be revised since they a re based on a "modified stat ionary frequency 
distribution" which actually is not co r rec t . In other words , the quantity 
Q(ju) given by Equation 5 of Reference 1 is not a solution of the t i m e -
independent equation 

d'Q d ^ ^ 

A rigorous solution of Equation 1 with appropria te boundary conditions, 
has , therefore , been obtained by separat ing the var iab les t and ji (naethod 
of eigenfunctions). It is of the form 

P(M.t) = e " ^ ? C ^ V n ( M ) e " ^ ^ ' , (2) 

n=o 

where the quantit ies Vj^(/i) a re confluent hypergeometr ic functions (more 
prec ise ly , functions of the parabolic cyl inder) , the constants Cn a re 
determined by the initial conditions, and the eigenvalues ^-j^ can be found 
graphically. 

Let us , in pa r t i cu la r , examine the case previously studied by Sacher. 
We require as a boundary condition that the function P(fi,t) should vanish 
for all positive values of t if /i becomes equal to Xi 

P(X,t) •= 0 (t>0) . (3) 
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Here X is defined as 

X = L - m , (4) 

where L is the so-cal led lethal bound for the original var iable x, i .e. an 
individual is renaoved from the population if a fluctuation c a r r i e s its value 
of X to or beyond L (for detai ls see Reference 1). If we put 

N(t) = [^ P{fi,t) dM , (5) 

the ra te , p, at which m e m b e r s a r e removed from the population will be: 

1 dN ,.. 

^=-iir • ^̂^ 
Still following Sacher we further assume 

X ^ » ^ . (7) 
g 

Then it can be shown that under these conditions: 

a) The lowest eigenvalue, XQ, of Equation 2 will be very close to 
ze ro , whereas the next higher eigenvalue, A-i, is relat ively 
large compared to XQ. Hence, for values of t which a re neither 
very short nor ext remely long we can, to a f i rs t approxima­
tion, replace the exponential t e r m s e" ^ by zero if n>0, and 
also put e~ 0 ~ 1. We thus obtain the "quasistat ic 
approximation": 

. - 1 - a2 
4D 

P(/i,t) « Pill) « e COVO(M) . (8) 

b) To the same o rde r of approximation it then follows from Equa­
tions (6), (5), and (8) that 

2D 
p « const. X e . (9) 

It will be seen that Equation (9) above has the same form as Sacher ' s 
Equation 7 of Reference 1. We have, therefore , obtained a more r igorous 
derivation of this resul t , so that all the conclusions reached by Sacher in 
Reference 1 remain unchanged and a r e now mathemat ical ly bet ter justified. 
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An alternative derivation of Equation (9) consis ts in following a 
procedure f i rs t used by Chandrasekhar to descr ibe the flow of par t ic les 
a c r o s s a very high potential b a r r i e r (Reference 4, pp. 63 ff). This again 
amounts to a "quasistat ic approximation" (since the flow in question will 
be very small) . 

We shall not, however, give the complete details of our calculations 
in this repor t ; they will be published short ly in the Bulletin of Mathematical 
Biophysics. 
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ON THE KINETICS OF MECHANISMS BY WHICH 
ACUTE RADIATION INJURY ACCUMULATES 

S. A. Tyler and S. P. S t eamer 

In general , acute effects of external i r radia t ion on animals have 
been measured by the mor ta l i ty produced within 30 days of the i r r a d i a ­
tion. This end point is unsat isfactory as a c r i te r ion of injury a s s e s s ­
ment since by 30 days after an i r radia t ion severa l mechanisms have been 
shown to contribute to the result ing naortality. Attempts have been made 
to distinguish the mor ta l i ty result ing frona each of severa l injuries p r e s ­
ent; and many c r i t e r i a , such as post i r radiat ion time of death, observed 
pathology and frequency of deaths, have been used to effect a separat ion. 
However, only token efforts toward exploring the possibil i t ies of these 
analytical approaches have resul ted because of the sever i ty of c r i t i c i sm 
that usually follows. These methods do have promise as a means of 
extracting information from mor ta l i ty s ta t is t ics re levant to the kinetics 
of injury accumulation; and we have been concerned with s ta t is t ical p r o ­
cedures that a r e n e c e s s a r y to the accomplishment of this intent. 

Essen t ia l to effective employment of these procedures is the 
manner in which the experiment is designed. For example, one motiva­
tion behind many acute radiat ion exper iments is the determination of the 
influence of dose r a t e on lethality. The exper imental design compatible 
with this a im demands that dose ra te be considered as one of the pr in­
cipal, exper imental ly controlled var iab les . F r o m radiation experinaents 
with young chicks, chick embryos and mice under single, prot rac ted 
exposures , it has been found that a reduction in radiat ion effects takes 
place during an exposure, and the amount of the reduction can be exhibited 
as a simple function of the t ime over which the dose is protracted. Thus, 
exposure t ime seems to be more important as a descript ive var iable than 
dose r a t e in this instance. The use of dose ra te may add to the complexity 
of an empir ica l descript ion of acute radiat ion kinetics since the ra te is a 
composite of two var iables - total dose and exposure t ime. 

Selection of the quantity (or quantities) by which reduction in dose 
effectiveness is to be measured is ext remely important . It is seldom that 
a "best" m e a s u r e can be chosen; however, a p re l iminary scrut iny of sug­
gested m e a s u r e s of effect can insure that a mathemat ica l ar t i fact is not 
introduced into the descr ipt ive analysis . For example, reduction in dose 
effectiveness with t ime has been measu red as the ra t io of dose remaining 
(D- J^) after some interval of t ime (t) and dose delivered (Dj^^j^) for some 
cr i te r ion of effect (m). 
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• ^ = f(t) , (1) 

where f(t) is some function of t. This rat io is frequently used with spli t-
dose exposures to indicate the proportion of the initial dose that remains 
at the time a second exposure is adminis te red . Only when the initial dose 
is held constant does this express ion provide a meaningful descript ion of 
the relat ionship between dose reduction and t ime . This requi rement is 
not always observed. In the case of prot rac ted exposures , D̂  J~Q r ep resen t s 
the instantaneous dose (abstract ly, a dose del ivered in an infinitesimal 
interval of time) required for a cr i te r ion effect and Dĵ  j ^ is the total dose 
required for the same effect when prot racted over t ime t. In this case, 
D]^ m naust of necess i ty vary with t. By use of the rat io in Equation 1, 
however, demonstrat ion of a l inear reduction in dose is precluded. To 
i l lus t ra te , let us assume that a dose reduction p rocess i s , in fact, descr ibed 
by the l inear express ion 

Oj,m = Dk,m " ^ t ' (2) 

where a is the constant ra te of reduction and D4 j-n ^^ ^^^ dose equivalent 
to the insult producing effect m . Then 

^ j , m ^j,xn _ 1 ^3^ 

Dk,m Dj,m + a t 1 + St, 

where a = SD; j ^ . Thus dose reduction as defined by Equation 3 is nonlinear . 
This violates the assumption of l ineari ty that is expressed by Equation 2. In 
a demonstrat ion of the dependence of dose reduction on exposure time for a 
single prot rac ted exposure, the rec iproca l ra t io Dĵ  m/-'-^i m ^ iH ^°t obscure 
the kinetics of p rocesses under consideration, r ega rd l e s s of their mathemati ­
cal form, since the denominator of this rat io is the same for all values of t. 

Even after obvious pitfalls have been avoided in the choice of the 
experimental design and the var iables upon which the s ta t is t ica l descript ion 
will depend, severa l working models of effects that a re equally compatible 
with exper imental data can usually be inferred by appraising the quantitative 
analys is . Let us examine this point by considering only the acute mor ta l i ty 
within 3 to 6 days after i r radia t ion (second period) among white leghorn 
cockerels that were exposed t o 7 - r a y s on the thi rd or fourth day after hatch­
ing (Figure 25).* The percent morta l i ty within this period, based on the 
number alive on the third day, is a measu re of the lethal actions of some 
injury p rocess that is assumed to contribute independently to the total, acute 
radiation insult . 

*See references 1-3 for resu l t s in the 0 to 2 day (first) period. 
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Figure 25. The 3 0-90% range of radiation mortality for 3 periods that span 
the first 30 days after irradiation. 

A f t e r a n i n i t i a l l a g fo r e x p o s u r e s of 60 nain o r l e s s ( F i g u r e 26) , t h e e f f e c t 
of p r o t r a c t i o n u p o n t h e d o s e d i s t r i b u t i o n of m o r t a l i t y i s u n m i s t a k a b l e . F o r 
e x p o s u r e s of 960 m i n o r l o n g e r , t h e e x p o s u r e - t i m e e f f e c t h a s p r a c t i c a l l y 
d i s a p p e a r e d a n d t h e s t a t i o n a r y d o s e - m o r t a l i t y r e l a t i o n s h i p i s a p p r o x i m a t e l y 
g i v e n b y t h e 9 6 0 - m i n g r o u p . Of t h e m a n y p o s s i b l e i n t e r p r e t a t i o n s of t h i s 
e m p i r i c a l b e h a v i o r , w e h a v e e l e c t e d t o i n v e s t i g a t e f i r s t t h e c o n s e q u e n c e s of 
t h e f o l l o w i n g a s s u m p t i o n : 

T h e m o r t a l i t y d u e t o r a d i a t i o n in t h e s e c o n d p e r i o d i s 
t h e l e t h a l c o n s e q u e n c e of t h e c o m b i n e d b u t i n d e p e n d e n t 
a c t i o n s of t w o d i s t i n c t l y d i f f e r e n t i n j u r y m e c h a n i s m s : a 
r e v e r s i b l e p r o c e s s t h a t i s d o m i n a n t fo r s h o r t e x p o s u r e s 
a n d a n i r r e v e r s i b l e p r o c e s s t h a t i s p r i n c i p a l l y r e s p o n s i b l e 
for t h e o b s e r v e d l e t h a l i t y a f t e r long e x p o s u r e s . 
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Our aina is now to separa te these two effects and descr ibe their individual 
contributions to the observed morta l i ty . Let R ĵ i r ep re sen t the expected 
total probabili ty of death in this period from a dose d that was uniformly 
del ivered over t units of t ime, and P^j ^ and Q-. the proportions expected 
to die from revers ib le and i r r eve r s ib l e effects, respect ively. Then, 

Rd,t = Pd,t + Qd • (Pd,t)(Qd) 

= Pd,t + Q d ( i - P d , t ) ' (4) 

and 

P = -At i (5) 
^d , t l . Q ^ • ^^^ 

The observed proport ion dying in this period is an es t imate of R ĵ ,̂ and the 
mor ta l i ty proport ion for a dose d frona the least squares probit line of the 
960-min group (LD50 = 3 105 r, a = 7 17 T - F igure 26) is substituted for Q^. 
Using Equation 5, the effects due solely to r eve r s ib l e injury p rocesses can 
be exhibited (Figure 27). 

The distr ibution of sensi t ivi t ies to r eve r s ib le effects is proport ional 
to the distr ibution of mor ta l i t i es when the dose is given over so short an 
in terval of t ime that the reduction in dose-effect iveness is negligible. This 
distr ibution was approximated by least squares using mor ta l i ty data from 
the 3 - , 15-, 30- and 60-min exposure- t ime groups combined (LD5Q =1185 r, 
CJ = 273 r - F igure 27). Let D(t) r ep re sen t the dose given over an exposure 

t ime t that produces some level of mor ta l i ty from reve r s ib le effects alone 
and Do equal the dose requ i red for the same mor ta l i ty if given in an infini­
t e s ima l in terval of t ime. The quantity D(t)/Do was computed for each 
i r rad ia ted group and the mean ra t io for each exposure t ime was calculated 
and plotted (Figure 28). It is seen that a l inear relat ion approximately 
desc r ibes the dependence of the mean ra t ios on exposure t imes that exceed 
30 min. Thus, after an init ial lag in r e v e r s a l of from 30 to 60 min, a l inear 
dose- reduct ion p rocess cha rac t e r i ze s injury accumulation by t ime-dependent 
p roce s se s of this period. The point es t imate of the constant r ' is 
290 ±16 min. This value is quite close to the corresponding es t imate of 
265 ~ 33 min calculated for the i r rad ia ted chick embryo.l'^) 

Other models of injury accumulation that comprise the acute 
radiat ion syndrome a r e being considered, and a comparat ive study of the 
acute mor ta l i ty pat terns in the chick, parakeet and pigeon is under way. 
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Figure 27. Dose-mortality carves by exposure-time group for reversible effect only. Theoretical lines for each time group are given. 
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Figure 28 

Average D/DQ versus exposure time. 
The solid circles represent D/DQ 
averages for the second period. 
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THE U P T A K E AND R E T E N T I O N O F DIETARY STRONTIUM-90 

M. P . F inke l , P . J . B e r g s t r a n d , and D. J . G r a u b a r d 

Since Sr h a s b e c o m e an i n t e g r a l p a r t of our d ie t , i t s i n c o r p o r a t i o n 
into the ske l e ton i s a s s u r e d . The e x p e r i m e n t r e p o r t e d h e r e was c o n c e r n e d 
with the r a t e a t which th is r a d i o e l e m e n t a c c u m u l a t e d in the body of m i c e 
when it w a s a c o n s t a n t cons t i t uen t of the d ie t and with the r a t e a t which i t 
was e l i m i n a t e d when s t a n d a r d food was once aga in supp l i ed . The v a r i a b l e 
unde r i n v e s t i g a t i o n w a s a g e . 

M a t e r i a l s and M e t h o d s 

The e x p e r i m e n t a l de s ign i s g iven in Tab le 13. The f i r s t g r o u p of 
m i c e ( s t r a i n C B A ) w e r e conce ived af ter t h e i r d a m s had b e e n p l aced on food 
conta in ing S r ' ° , so t h e i r i n i t i a l age is l i s t e d a s -20 d a y s . T h e i r s t r o n t i u m 
was d e r i v e d f i r s t t h r o u g h the p l a c e n t a and then t h rough suck l ing . At abou t 
15 days of a g e , when t h e i r e y e s a r e open and they can m o v e abou t the cage 
qui te r e a d i l y , m i c e beg in to ea t so l id food. However , s o m e wi l l con t inue 
suckl ing up to 5 weeks of age if the o p p o r t u n i t y is p r e s e n t . In th i s e x p e r i ­
m e n t the d a m s w e r e s e p a r a t e d f r o m t h e i r l i t t e r s on the 28th day of a g e . 
The second g r o u p of m i c e , a long wi th t h e i r danas, w e r e g iven food conta in ing 
Sr" when they w e r e 14 days old. Consequen t ly , t h e i r s o u r c e of s t r o n t i u m 
be tween 14 and 28 days was both f r o m so l id food and f r o m m i l k . The o the r 
g r o u p s r e c e i v e d a l l t h e i r s t r o n t i u m f rom the so l id food s i n c e they w e r e 
s t a r t e d on the d ie t a t 30, 70, and 150 days of a g e . 

T A B L E 13 

E x p e r i m e n t a T d e s i g n 

G r o u p 

1 
2 
3 
4 
5 

In i t i a l 
age 

(days) 

-20 
14 
30 
70 

150 

Tota l 
n u m b e r 

of 
a n i m a l s 

54 
30 
37 
27 
24 

Food 

U c S r ' M 
\ g m C a J 

5.0 
5.0 

10.0 
10.0 
10.0 

R e t u r n to s t a n d a r d d ie t 

N u m b e r 
of m i c e 

15 
7 
8 
7 

10 

Age 
(days) 

28 
49 
63 

103 
183 

Days on 
d ie t 

48 
35 

33 

Two d i e t a r y l e v e l s w e r e used . Since the Sr con ten t of l iving 
m i c e was to be d e t e r m i n e d by m e a s u r i n g b r e h m s s t r a h l u n g wi th a Na l 
c r y s t a l , h ighe r coun t s w e r e a d v a n t a g e o u s . H o w e v e r , i t w a s f e a r e d tha t 
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metabolic disturbances might occur in the rapidly growing naice at levels 
that would be optimum for counting. As a compromise, the first two groups 
of naice received food containing 5 /ic Sr ' / g Ca, while the others were 
maintained on diets with twice as much radioactivity. To permit direct 

90 

comparisons among groups, all Sr values for groups I and 2 have been 
doubled. During the course of the experiment, the Sr ' content of 70 mice 
was determined by ash analysis so that the brehmsstrahlung measurements 
could be converted to mic rocur i e s . 

The food was prepared by adding Sr (in equilibrium with Y ' ° ) to 
standard, commercia l ly available mouse food before it had been pelleted. 
Pel lets of the usual hardness were then produced by a labora tory-s ize 
pelleting machine. The calcium content of the ground meal was 1.76% so each 
g ram of finished food contained 0. 176 or 0.088 /ic Sr . 

A few mice from each group were returned to the standard diet 
after they had been eating Sr ' for more than a month. The remaining 
animals continued on the special diet. 

Results 

90 The most rapid accumulation of Sr occurred in the mice that were 
14 days old initially (Figure 29). During the first 28 days the increase was 
linear at the rate of 0.032 /ic/day. 

50 100 150 200 
DAYS ON DIET {iOfiC Sr*0/gm CaS 

250 

Figure 29. Body content of Sr°" as a function of time. Numbers refer to age when 
ingestion of the radioactive food began. 

*California Pellet Mill Co., San Francisco, California. 
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Accumulation of Sr within this group of animals became progress ive ly 
less as they grew older, and it was negligible after 110 days. Among the 
older animals , the ra te of accumulation decreased as their initial age in­
creased, but the uptake of Sr'® was still significant long after 100 days. 
The mice that were exposed to Sr from conception contained only a smal l 
amount at birth, and they gained rela t ively little during the first week after 
bir th. However, after the f i rs t week accumulation was rapid, and at about 
100 days their values approached those of the group that had been 14 days 
old when the strontium diet was first provided. There was no increase in 
the body content of the aninaals s tar ted at -20 days between 122 and 230 days 
of age. 

The same data a r e plotted in Figure 30 on a log-log grid with age 
ra ther than days on the diet as the absc i ssa . This representa t ion 
points out the fundamental s imi la r i t ies among the 5 curves , and it places 
the -20 day group in its proper place. It seems that these animals , and the 
14-day group as well, had reached equilibriuna at least by 200 days. How­
ever, there is little likelihood that mice s tar ted on a radiostront ium diet 
at 30 days of age would reach equilibrium during a normal naouse life span. 
A straight extension of the data reaches 1.4|ic, the equilibrium level of the 
first group of mice , at about three years of age. 

8 

0.05 
50 100 

AGE (doys) 

Figure .̂ 0 

/JO Body content of Sr'-" as a function of age. 
Numbers refer to age when ingestion of 
the radioactive food began. 

When the logarithm of body content is plotted against the logari thm 
of days on the diet (Figure 3l) , some reasonably straight lines resul t . The 
slopes of the curves were much more s teep when the animals were young, 
and, except for the mice that were 150 days old initially, the slopes changed 
as each group of animals aged. Some of the mice have remained on the 
exper imental diet, so it should be possible at some later date to extend 
these curves beyond a year . 
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10 50 100 
DAYS ON DIET ( lO f t c Sr®<Vgm Co) 

Figure 31. Rate of accumulation of Sr̂ *̂  as a function of time. Numbers refer 
to age when ingestion of the radioactive food began. 

At four weeks of age some of the mice that had been exposed to Sr 
since conception, or for a total of 48 days, were placed on the standard food. 
Thirty-two days later their Sr content had been reduced by 27%. The 
curve as drawn during this interval in Figure 32 is purely speculative; very 
likely the la rges t part of the decrease occurred during the f irs t 24 hours, 
while the contents of the digestive t rac t were being changed from food con­
taining Sr ' to standard food. Some mice of the other groups were returned 
to standard food after they had been eating Sr ' for 33 or 35 days. In gen­
era l , their "wash-out" curves a r e sinailar, but there is one striking excep­
tion. Retention seemed to be much grea te r among those animals that were 
removed from the diet at 63 days of age. This fact is enaphasized when 
the values a r e compared on a percentage bas i s , as has been done in 
Figure 33. The remarkably high retention among the 63-day-old mice 
ag rees with the data of Speckman and Norr i s on the retention of injected 
Sr®^ in the ra t as a function of age.^ ' Except for this group, retention 
decreased with increasing age, as expected. 

Although retention during the first 2 weeks was grea tes t among this third 
group of mice, their subsequent excretion ra te was not too different from the 
mice that were removed from the strontium diet at 103 and 183 days of age. 
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Figure .32. Accumulation and retention of dietary Sr"". Numbers refer 
to the ages during which the radioactive food was eaten. 
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90 Figure 33. Retention of dietary Sr as a function of time elapsed since 
it was ingested. Numbers refer to ages during which the 
radioactive food was eaten. 
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As plotted in Figure 34, only the data of the oldest group can be described 
adequately by a single power function. Functions for the other groups were 
calculated in order to provide a rough measu re of the slopes for compara­
tive purposes . The sequence is more or less as expected. That is , the 
excretion ra te was higher among the animals that were older at the t ime 
they re turned to the standard diet. 

1.0 

0.5 

Z 
o 
o 
> 
o 
o 
CD 

0.1 

J_ _1_L ± 

(49) 

30(63) 

20(28) 

70(103) 

150(183) 

10 50 100 

DAYS OFF DIET 

Figure 34. Rate of excretion of Sr̂ ^̂  as a fimction of time elapsed since 
it was ingested. Numbers refer to ages during wliich the 
radioactive food was eaten. 

It is interesting to compare these excretion ra tes after ingestion 
over a 33- or 35-day interval with those following a single injection. 
Speckman's data after a single injection of Z8-day-old mice with Sr®^ follow 
a slope of t"''-".^^) His value for 392-day-old mice is t"'^^. These a r e not 
too different from the es t imates obtained here . However, our own data on 
injected 70-day-old mice, as calculated by Tyler,WJ follow a slope of t~°'^^. 
This ra te of elimination is much more rapid than that observed in the 
present experiment for animals of comparable age, i.e., t~ -̂ ^ for mice 
maintained on strontium food between 30 and 63 days of age, and t ' for 
those on the diet between 70 and 103 days of age. These differences 
associated with conditions of exposure, that is , single injection versus con­
tinuous ingestion, deserve further investigation since we a r e faced with 
the necess i ty of estimating the human hazard from contaminated food. 
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Summary 

CBA mice of five age groups were provided with food containing 
radiost ront ium, and their Sr^° content was determined by brehmss t rah lung 
counting. Animals s tar ted on the diet either at the t ime of conception or 
when they were 14 days old showed the g rea te s t accumulation of Sr' ' ' . How­
ever, their body burden increased ve ry li t t le, if at all, after 100 days. The 
ra te of uptake decreased with increasing age at the t ime the special diet 
was first provided and also with increasing age as the aninaals remiained on 
the diet. Mice placed on the diet at 30 days of age or older contained s ig-
nificantly m o r e Sr^ at 200 days than they had after being on the diet for 
100 days, and it appeared that the no rma l life span of a mouse was not long 
enough to permiit equilibriumi to be attained. 

The retention of radios t ront ium that had been supplied in the diet 
for over a month was followed in some animals that were re turned to the 
standard food. Except for the exceedingly high retent ion among the mice 
that were 63 days old when no rma l food was provided, retent ion 2 weeks 
later was inverse ly re la ted to age. Similar ly, the excret ion r a t e s seemed 
to inc rease as the mice aged, except for the oldest an imals , which were 
on the s t ront ium diet between 150 and 183 days of age. 

The excret ion ra te for mice on a s t ront ium diet from 30 to 63 days 
of age was calculated to be about t"^'^\ That for inice on the diet from 70 
to 103 days of age was found to be about t° "^'. These r a t e s a r e much 
slower than the t ° observed for 70-day-old mice after a single in t r a ­
venous injection of Sr . 
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THE LDioo/35 FOR Sr'^ IN THE EVERGLADES RAT SNAKE 
(ELAPHE OBSOLETA ROSSALENi) 

L. S. Lombard, C. F . Decker and A. M. Brues 

In the course of determining whether Sr ' induces neoplastic changes 
in the skeleton of the snake, it was n e c e s s a r y to a sce r t a in the lethality of a 
given dose for the species of snake to be used. In this connection it was of 
in te res t to compare acutely toxic levels for the snake with those for other 
species , for example, the mouse, which has a LD50/30 for Sr of 6 mc/kg,^-^' 
the ra t , 2.5 m c / k g , ' ^ ' and the dog, 150 / ic /kg.w) The present r epor t a lso 
includes observat ions on the cl inical and g ross pathologic a l terat ions occur­
ring with one given dose. Measuremients of radioact ivi ty in t i s sues and 
excreta , as well as microscopic a l te ra t ions in the t i s sues , will be repor ted 
in the future. 

Mater ia l s and Methods 

Three male and 3 fem.ale adult Everglades r a t snakes (Elaphe 
obsoleta rossa len i ) ,* while anesthetized, were injected in t racardia l ly 
through a laparotomy incision with 1 jUc of Sr ' / g body weight. 

The 6 snakes and one control were not fed for at least one week 
pr ior to injection. Anesthesia was induced by injecting N e m b u t a l ^ , 
Abbott (pentobarbital sodiumi, 1 g ra in /cc ) into the left l a te ra l aspect of 
the pleuroper i toneal cavity at the upper midportion in order to avoid 
the lung sac and heart ; the dose was 0.03 mg/g body weight.\^/ Anesthesia 
was considered complete when the righting reflex was lost, and the time 
requi red for this var ied from 5 to 30 min. Although the r ecovery period 
was not establ ished, the snakes had not revived 5 hr la ter but were fully 
recovered when observed 20 hr a f terwards . 

The hear t was exposed in the anesthetized an imal by a right 
v e n t r o - l a t e r a l incision which began approximately 15 to 20 cm from the 
base of the skull and extended 10 to 15 cm caudad. The location of the 
hear t var ied with the length of the specimen, the base being 26.5 cm from 
the base of the skull in the longest specimen and 20 cm in the shor tes t one. 
Blood s m e a r s were p repared at the t ime of su rgery from al l but one animal 
and were examined la ter for pa r a s i t e s . ** Sr in equil ibrium with Y 
(2.47 m c / m l in isotonic saline at a pH of 5 to 6) was injected with a 27-gauge 
needle into the ventr ic le of the hear t . Table 14 l i s ts the doses . 

•identification of the species of ra t snake was made by Robert Inger, 
Chicago Natural His tory Museum. 

**Examinations for blood pa ras i t e s were made by Mariet ta Mil ler , 
Argonne National Laboratory . 



T A B L E 14 

Weight c h a n g e s in s n a k e s i n j e c t e d wi th Sr 

Snake 
no . 

1 
2 
3 
4 
5 
6 

7 

Sex 

M 
F 
M 
F 
M 
F 

M 

N e m b u t a l , 
m g 

21.5 
26.0 
20.0 
20.0 
20.0 
20.0 

18.5 

( 2 . 4 7 | i c / m l ) , 
m l 

0.35 
0.45 
0.33 
0.33 
0.33 
0.33 

-

S u r v i v a l , 
days 

31 
24 
35 
27 
19 
35 

5 5 * * 

Body 
we igh t 

a t timie of 
in jec t ion 

g 

711 
862 
668 
681 
757 
662 

615 

Weight 

change , * 

g 

-85 
- 3 2 1 

-50 
- 1 1 1 
-112 
- 2 5 1 

+ 117 

C o m b i n e d 
s k e l e t a l and 

miuscle 
we igh t 

a t dea th , g 

401 
294 
378 
335 
358 
242 

401 

* Weigh t a t t i m e of d e a t h m i n u s we igh t a t t i m e of in j ec t ion . 

** Ki l led a t 55 days a f t e r in jec t ion of s a l i n e so lu t ion . 

Following injection the incision was closed with number 3 nylon 
suture thread (Vetafil, Bengen), by using a continuous-suture stitch. The 
snakes were placed in separate plastic r a t cages previously lined with 
heavy plastic sheeting held in place by ignition tape. The plastic l iners 
together with excreta were collected for ashing. 

The control animal was operated on in a s imilar manner, twice 
within 3 days, and injected each t ime with 1 ml of physiologic saline (0.85%). 
It remained alive and in excellent condition for the duration of the exper i ­
ment (Table 14, No. 7). 

Necropsies were performed on a l l snakes. Organ weights were 
obtained on the skin, skeleton with attached musculature , heart , l iver, gall 
bladder, spleen, kidneys and gonads. After t i ssues were taken for h is to­
logic sectioning, the remaining organ t i ssues were weighed and ashed 
for future studies. Bacter ia l cultures of the l ivers of 3 snakes (Nos. 1, 2, 3) 
we rep repa red in tetrathionate broth and plated on Salnaonella-Shigella 
media (SS). 

The skeleton with attached muscula ture of an additional adult male 
specimen was digested free of muscle by beetles of the family Dermest idae 
at the Chicago Museum of Natural History. The skeleton thus cleaned of 
all apparent muscle and cart i lage was found to weigh one-thir teenth of the 
total body weight. 
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Results 

Within 2 to 3 days following injection with Sr"^, two females (Nos. 2 
and 6) laid eggs which were measurab ly radioact ive. All 6 rept i les failed 
to eat after the second week following injection. The 2 snakes dying on the 
35th day developed subcutaneous edema of the head and upper one- third of 
the body 3 days pr ior to death. Blood-tinged fluid dripped from the mouth, 
which could not be closed owing to a marked swelling of the jaws. Three 
snakes died within 30 days and al l 6 died within 35. The specimen that died 
on the 19th day (No. 5) had the most severe infection with a protozoan, a 
Haemogregar ina species , which is found in the erythrocyte . Two snakes 
(Nos. 3 and 6) had a light infection with the paras i te , while two others 
(NOS 1 and Z) had none. The blood of snake No. 4 was not examined. 

The radioactive eggs began to shr ivel and change from white to 
orange by the third day after being laid, whereas no rma l eggs from the same 
species of snake showed no color change or shriveling until some 5 weeks 
la te r . 

At necropsy hemorrhages varying from petechial to diffuse were 
found in the subcutaneous and muscular t i ssue of al l animials, being par ­
t icular ly concentrated in the head and tail . Hemorrhages were a lso ob­
served in the v i s ce r a l organs, par t icu lar ly in the lungs, heart , l iver, stomach, 
intest ines and kidneys. In the females, there were hemorrhages in the walls 
of the oviducts. The spleens were small , weighing approximately one-fourth 
as much as those of the controls . A gray-white concentric ring could be 
found at the injection site in the 3 snakes dying from the 19thto the 27th day, 
but no lesions could be distinguished at the approximate injection site in 
those dying from the 31st to the 35th. Extensive hemorrhages in the muscu­
la ture in close proximity to the r ibs and ve r t eb rae were noted in animals 
dying from 24 to 35 days after injection. 

Multiple gray-white foci were seen in the kidneys of one snake (No. 4) 
and s imi la r lesions appeared in the lungs of another (No. l) . The l ivers of 
3 snakes (Nos. 3, 4, 6) had from one to three gray-white a r e a s . Bacteriologic 
cul tures of the l ivers of the f i rs t 3 snakes were negative. 

Summary 

Six snakes were injected in t racard ia l ly with Sr '° , 1 jdc/g body weight. 
Clinical signs were anorexia, weight loss , subcutaneous edema and bleeding 
from the mouth. All died within 35 days. At necropsy, the spleens were 
smal l and hemor rhages occur red in the v i s ce r a l organs, subcutaneous and 
in t ramuscu la r t i s sues . 
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CYTOCHROME C OXIDASE ACTIVITY IN AMOEBAE 

J. F . Thomson and E. W. Daniels 

Homogenates of Pelomyxa carol inensis , Pelomyxa i l l inoisensis . 
and Amoeba proteus were assayed for cytochrome £ oxidase to see 
whether there might be any corre la t ion between the levels of this enzyme 
and the radiosensi t iv i ty of these amoebae. 

The resu l t s indicated that both species of Pelomyxa contained 
approximately the same amount of activity although their radiosensi t ivi t ies 
differ by a factor of 10. A. proteus, the mos t r ad io res i s t an t of the three 
species examined, had only one-tenth as much cytochrome oxidase activity 
as the two giant amoebae. 

This enzyme is ex t remely labile, i ts activity falling to about 
10% of the original level in 40 min at room tempera tu re . This lability 
is more marked in P. carol inensis than in P. i l l inoisensis . Since cyto­
chrome c has not been found in amoebae, it is doubtful whether the enzyme 
was acting on a physiological subs t ra te . Never theless it is clear that these 
organisms contain an enzyme capable of catalyzing the oxidation of molecu­
lar oxygen of reduced cytochrome c_ from mammal ian sources . 
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PRELIMINARY REPORT: SPECTROPHOTOMETRIC TITRATION OF 
DEOXYRIBONUCLEIC ACID 

L. G. Bunville 

In aqueous solutions of sufficiently low pH, deoxyribonucleic acid 
( D N A ) undergoes a t ransi t ion from the ordered, double helical configura­
tion of the native molecule to the d i sordered configuration charac te r i s t i c 
of the denatured molecule. This t ransi t ion, occurr ing in a very na r row 
range of pH, is the resu l t of e lec t ros ta t ic repuls ions between protons 
bound to the base res idues of cytidine, adenosine and guanosine, and is 
accompanied by a large increase in ultraviolet absorption and an inc rease 
in the number of protons bound. The pH at which the t ransi t ion occurs is 
dependent upon the composition of the DNA.l^) 

As a means of elucidating the t rans i t ion in acid solution, potentio-
me t r i c and differential spectrophotometr ic t i t ra t ions have been ca r r i ed out 
for DNA samples of varying composition. The potent iometr ic t i t rat ion 
curves cannot be readi ly in terpre ted owing to uncer ta int ies regarding the 
pa ramete r describing the e lec t ros ta t ic interact ions between DNA-bound 
charges and free protons. This difficulty can be overcome through com­
bination of the differential spectrophotometr ic and potent iometr ic t i t rat ion 
curves to obtain the change in ultraviolet extinction coefficient as a function 
of the number of protons bound. Analysis of the data is not complete, but 
the l inear i ty of the curves so obtained suggests that the dissociation constants 
for adenine and cytosine in native DNA a re very s imi la r . 

The slopes of the curves a lso give the change in extinction upon 
binding one mole of hydrogen ions to these nucleoside res idues . This 
quantity, change in extinction per mole of bound protons, has been ob­
tained for the var ious samples of DNA, and allows an es t imate of the differ­
ential extinction coefficients of the individual bases to be made by 
extrapolation to the l imits of composition, corresponding to adenine-thymine, 
or guanine-cytosine DNA. The differential extinction coefficients so obtained 
appear to be about 60% of the value for the free nucleosides , possibly indi­
cating a g rea t e r hypochromism in the protonated base res idue than in the 
neutral res idue in DNA. 

Complete analysis of the data should lead to a descr ipt ion of the 
distr ibution of protons in native DNA just pr ior to denaturation. 

Reference 

1. L. G. Bunville and E. P. Geiduschek. Biochem. Biophys. Res . Comm. _2 
287 (1960). 
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PREPARATION AND PROPERTIES OF S-ADENOSYL-L-HOMOCYSTEINE, 
S-ADENOSYL-L-HOMOCYSTEINE SULFOXIDE, 

AND S-RIBOSYL-L-HOMOCYSTEINE 

John Duer re 

S-Adenosyl-L-homocysteine was f i rs t charac ter ized by Cantoni 
and Scarano^-^-' as a demethylation product of S-adenosyl-L-methionine, and 
the s t ruc ture they suggested was verified by total synthesis by Baddiley and 
Jamie son;'»'''' de la Haba and Cantoni'' -' descr ibed the enzymatic synthesis 
of this compound from adenosine and homocysteine by a condensing enzyme 
prepared from ra t l iver: 

Adenosine + L-homocysteine ^zziziz::^ S-adenosyl-L-homocysteine + HjO 

However, as yet, there a r e few repor t s of the biological function or 
fate of this compound. This paucity of data has been due part ly to the dif­
ficulty of obtaining sufficient amounts of S-adenosyl-L-homocysteine at a 
reasonable expenditure of t ime and start ing mate r i a l . 

This paper repor t s a simplification of the procedure of de la Haba 
and Cantoni^ / for the preparat ion of S-adenosyl-L-homocysteine and a 
study of the chemical p roper t ies of the compound. Two der ivat ives of 
S-adenosyl-L-homocyste ine were p repared and charac ter ized . It is 
believed that the present observat ions will facilitate further biochemical 
study of these compounds. 

Exper imenta l 

Enzyme. Rat liver homogenates were prepared following the 
descr ipt ion of de la Haba and Cantoni, i-̂ / The crude homogenates were 
s tored at -10°C until used. 

Compounds. Adenosine used in the prepara t ion of S-adenosyl-L-
homocysteine was obtained from California Biochemical Resea rch 
Foundation and DL-homocysteine (free base) was obtained from Nutr i ­
tional Biochemical Corporation. An authentic sample of S-adenosyl-L-
homocysteine for use as a re ference compound was obtained from 
Dr. Leo P a r k s , Oregon State College, Corval l is , Oregon. BaC03 was 
p repared by dissolving 7.5 g Ba(OH)2 in 100 ml of boiling water , cooling 
and then adding dry ice until neut ra l . After the precipi tate had settled, 
most of the supernatant fluid was removed by decantation. 
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Prepara t ion of Ion Exchange Resins . Dowex-50 resin , 200 to 
400 mesh, 8% cross- l inked, was t rea ted with 6_N_H2S04 until the optical 
density of the wash liquid measured at 160 m/i was less than 0.025. The 
res in was equilibrated with 1 N H2SO4 pr ior to use. Dowex-1 res in , 200 
to 400 mesh, 10% cross- l inked, was converted to the formate form by 
the method of Cohn ^^' P r i o r to use, the res in was thoroughly washed with 
HCOONH4 buffer (0.01 A£_formate, pH 10). 

Analytical Methods. Sulfur in the thioether linkage was measured 
quantitatively by the method of McCarthy and Sullivan,(5) amino nitrogen 
by the method of Yemm and Cocking,(°) and pentose by the orcinol 
reaction (''') The paper chromatographic techniques used were descr ibed 
in ea r l i e r repor t s from this laboratory . (° '9 j 

Resul ts 

Prepara t ion of S-Adenosyi-L-hoinocysteine. S-Adenosyl-L-
homocysteine was jDrepared enzymaticaliy as follows: 1.5 namoles of 
adenosine, 6.0 mmoles DL-homocysteine (free base) and 1.0 mmole 
phosphate buffer (pH 6.5) were diluted to a volume of 100 ml in a 125-ml 
flask. The use of DL ra ther than L-homocysteine was more economical 
Only the L-component reacts'-^) and no obvious interference of the D-isonier 
was noted. The flask was flushed with nitrogen for 10 minutes to produce 
anaerobic conditions. Five ml of the crude ra t liver homogenate was added 
by syringe, and the react ion mixture was incubated for 3 hours at 37°C. 
After incubation 0.025 ml of thiodiglycol was added to the react ion mixtui'e 
to maintain S-adenosyl-L-homocysteine in the reduced s tate . The reaction 
naixture was deproteinized by heating in a boiling water bath for 5 minutes . 
Such heating was also sufficient to destroy small quantities of S-adenosyl-
L-methionine introduced with the l iver homogenate. The react ion mixture 
was cooled in an ice bath, and the precipi ta te was removed by centrifugation 
at 9000 x_g_for 20 minutes . 

S-Adenosyl-L-homocystei i ie was purified from the crude reaction 
mater ia l by column chromatography employing Dowex-50 res in (H"̂  form). 
To establ ish the yield of S-adenosyl-L-homocyste ine , 2.0 ml of the r e a c ­
tion mixture was added to a smal l analytical column and development was 
begun with 1 N̂  H2SO4 (Figure 35). Elution was continued until the optical 
density of the effluent was less than 0.025 at 260 m/i. Undesired nucleotides, 
nucleosides, bases and amino acids appeared in this fraction. After passage 
of approximately 200 ml of 3 N acid through the column, most of the adenine 
was eluted. Toward the end of this phase S-adenosyl-L-homocyste ine began 
to appear in the effluent. To inc rease the speed of elution, 6 N acid was 
added. Typical yields in the 6 N acid fraction, measu red by ul traviolet 
absorption at 260 m̂Li (Em = 16 x 10^), approximated 50% based on the amount 
of adenosine added to the react ion mixture . 
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Figure :j5. Purification of b-adeuosyl-L-homocysteine on 
Dowex-50 resin; (H''' form) 7 cm x 0. 5 sq cm; 
flow rate 1, •! inl/miiiute. 

A column 15 cm in c ross -sec t iona l a rea with a res in bed 7 to 
10 cm deep was sufficient to purify 100 ml of the reaction mixture. As a 
precaution against oxidation of S-adenosyl-L-homocysteine, 0.25 ml of 
thiodiglycol per liter was added to the developing solvents. From 3 to 
4 l i te rs of 1 N̂  H2SO4 were required to remove most of the undesired 
compounds and the addition of about 1 l i ter of 3N acid removed t races of 
adenine. Finally about 3 l i ters of 6 N acid eluted S-adenosyl-L-
homocysteine from such a column. All column operations were car r ied 
out in a cold room maintained at 4°C. 

S-Adenosyl-L-homocysteine was precipitated from the 6 N acid 
eluate by the addition of 20 ml 01 a 20% phosphotungstic acid solution for 
each 100/imoles of compound. The precipitation of S-adenosyl-L-
homocysteine was great ly facilitated by the advance addition of the es t i ­
mated amount of phosphotungstic acid to the collecting flask; occasional 
agitation was required. The precipitate was allowed to settle overnight 
in a cold room. Most of the supernatant fluid could be removed by 
decantation; the remaining fluid was removed by centrifugation at 
5000 X g for 10 minutes . The phosphotungstate was washed with 10 vol­
umes of cold distilled water and dissolved in 5 to 6 volumes of acetone-
water mixture (l : l) to yield a clear solution. After t rea tment with the 
organic solvents to decompose the phosphotungstate^"/ the aqueous solu­
tion was neutral ized to pH 6.5 with a freshly prepared solution of BaC03. 
The precipitate was removed by filtration and washed with a small amount 
of water; the wash liquid was combined with the fil trate. Recovery based 
on ultraviolet absorption amounted to 35 to 45% of the S-adenosyl-L-
homocysteine present in the 6 N eluate. The aqueous solution was 
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lyophi l ized and d i s s o l v e d in w a t e r to give a c o n c e n t r a t i o n of 45 to 50 jimoles 
p e r ml . Th i s so lu t ion was f i l t e r ed to r e m o v e u n d i s s o l v e d m a t e r i a l and the 
f i l t r a t e was f rozen and s t o r e d a t 4°C for 3 to 4 days to c o m p l e t e c r y s t a l l i z a ­
t ion. The c r y s t a l s w e r e co l l ec t ed by f i l t r a t ion , w a s h e d with a s m a l l a m o u n t 
of cold w a t e r , and s t o r e d under v a c u u m over s i l i ca ge l a t - l O ' C unt i l used . 

G r a d e d s a m p l e s of S - a d e n o s y l - L - h o m o c y s t e i n e r ang ing f rom 0.04 to 
0.4 jiinaoles w e r e a n a l y z e d by c h r o m a t o g r a p h y on Wha tman No. 1 p a p e r us ing 
b u t a n o l - w a t e r - a c e t i c ac id ( l2 :5 :3) and e t h a n o l - w a t e r - a c e t i c ac id (65:34:1) to 
check for u l t r a v i o l e t - a b s o r b i n g and n i n h y d r i n - p o s i t i v e i m p u r i t i e s . In a l l 
i n s t a n c e s S - a d e n o s y l - L - h o m o c y s t e i n e was the only compound found. As 
judged by s p e c t r o p h o t o m e t r i c m e a s u r e m e n t s a t 260 m/i, the c r y s t a l l i n e c o m ­
pound was 99% p u r e . 

P r e p a r a t i o n of S - A d e n o s y l - L - h o m o c y s t e i n e Sulfoxide. If t h iod ig lyco l 
was omi t t ed f rom the elut ing a c i d s in the p r e p a r a t i o n of S - a d e n o s y l - L -
h o m o c y s t e i n e s o m e oxidat ion of the l a t t e r to S - a d e n o s y l - L - h o m o c y s t e i n e 
sulfoxide o c c u r r e d . F o r s e p a r a t i o n of m i x t u r e s of the two c o m p o u n d s , 
Dowex-1 r e s i n ( H C O O " fo rm) was used . The co lumn was deve loped a s i n d i ­
ca ted in F i g u r e 36. Two d i s t i n c t peaks w e r e ob ta ined . The f r ac t i ons f rom 
e a c h peak w e r e pooled and lyophi l ized ; the r e s u l t a n t d r y p o w d e r s w e r e s u b ­
j ec t ed to subl imat ion^ •̂ ẑ a t low t e m p e r a t u r e to r e m o v e a m m o n i u m f o r m a t e . 
In a scend ing p a p e r c h r o m a t o g r a p h y with b u t a n o l - w a t e r - a c e t i c ac id , c o m ­
pound A ( i so la t ed f rom peak l) showed an Rf va lue of 0.10, compound B 
( i so la ted f rom peak 2) an Rf of 0.16. Both compounds r e s p o n d e d to u l t r a ­
v io le t l ight scanning and n inhyd r in r e a g e n t , but only compound B r e a c t e d 
with iodopla t ina te r e a g e n t . This ind ica ted tha t the t h i o e t h e r l inkage in c o m ­
pound A had been a l t e r e d . 
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Figure 36 

Separation of S-adenosyl-
L-homocysteine from 
S-adenosyl-L-homocysteine 
sulfoxide; Dowex-1 resin; 
(HCOO" form) 
15 cm X 0.5 sq cm, flow 
rate 1. 0 ml/minute. 



S-Adenosyl-L-homocysteine sulfoxide was prepared by oxidation of 
S-adenosyl-L-homocysteine by exposure to a 1% solution of HjOj at room 
tempera tu re for 1 hr. The sulfoxide showed an elution pat tern from the 
Dowex-1 column (HCOO" form) and migrat ion on paper identical with that 
of compound A. 

Prepara t ion of S-Ribosyl-L-homocysteine. When samples of 
S-adenosyl-L-homocyste ine were analyzed by paper chromatography before 
crysta l l izat ion two impur i t ies were noted. One of these was identified as 
adenine; the other compound reac ted with ninhydrin and iodoplatinate spray 
reagent but did not absorb ul traviolet light. Inasmuch as these compounds 
could not be detected in the crude react ion mixture , decomposition of 
S-adenosyl-L-homocyste ine during column purification was indicated. F u r ­
ther work showed that decomposition occurred when pure crystal l ine 
S-adenosyl-L-homocyste ine was placed in 1 or 3 N_acid at room tempera ture 
for 24 hours . The ra te of decomposition was markedly reduced at 4°C. 

To obtain more information on the decomposition products of 
S-adenosyl-L-homocyste ine , the pure compound was subjected to weak acid 
and alkaline hydrolys is . It was found that 0. 1 N HCl split the glycosidic 
bond to yield adenine and a second compound, which was tentatively identified 
as r ibosy l -L-homocys te ine by paper chromatography {'Rf, 0.44) with ethanol-
wa te r -ace t i c acid, and butanol -water -ace t ic acid (Rf, 0.14). It did not absorb 
ultraviolet light, but reac ted with iodoplatinate spray reagent , ninhydrin 
reagent , and carbohydrate reagents such as p-anisidine HCl, ammoniacal 
s i lver n i t ra te , and ammonium molybdate-ammonium chloride.! ^ v The 
hydrolysis may be descr ibed as follows: 

o A . . T , • 0 . 1 M H C l ^ , . S-Adenosyl-L-homocysteme —— • • adenine + 

S-r ibosyl -L-homocyste ine 

To es tabl ish further the identity of S-r ibosyl -L-homocyste ine , suffi­
cient quantities of S-adenosyl-L-homocyste ine were hydrolyzed with weak 
acid, and the hydrolysate was neutra l ized with NaOH. Purification of 
S- r ibosyl -L-homocys te ine was accoinplished by paper chromatography. The 
hydrolysate was spread in a na r row band on Whatman 3-mm paper; with 
repeated application, as much as 200/imoles could be placed on a single 
sheet. After development with the e thanol -water -ace t ic acid solvent system, 
the band corresponding to S- r ibosyl -L-homocys te ine was removed and eluted 
with water . The eluate was lyophilized and dissolved in water to give a con­
centrat ion of 10/imoles per ml . All a t tempts to c rys ta l l ize S- r ibosy l -L-
homocysteine from aqueous solution with or without the aid of var ious 
organic solvents failed. The aqueous solution was subjected to var ious 
quantitative chemical t es t s to determine the react ive groups of the molecule. 
It responded to the orcinol and ninhydrin reagents and reacted as a thioether 
in the McCarthy-Sull ivan react ion, giving an absorpt ion maximLum at 505 m/i, 



as compared with a peak at 5 10 m/i for methionine and 500 m/i for S-adenosyl-
L-homocysteine. The data given in Table 15 show sat isfactory agreement 
among these t e s t s , but the values a r e lower than expected from the weight 
of the lyophilized ma te r i a l used, assuming molecular weight of 267. Appar­
ently the m a t e r i a l contained inois ture or impur i t ies extracted from the 
paper. However, the fact that the compound was derived from S-adenosyl-L-
homocysteine and possessed the functional groups indicated by the tes ts 
(Table 15) suggests the following s t ruc ture : 

• O -

OH OH 

HOHC - C - C 

H H 

H H H NH2 

C - C - S - C - C - C - COOH 

H H H H H 

TABLE 15 

Analysis of S-Ribosyl -L-homocyste ine* 

Pentose (Orcinol react ion) 
Amino nitrogen (Quantitative ninhydrin) 
Sulfur (Nitroprusside test) 

/ i m o l e s / m l 

8.70 
8.85 
8.74 

*The ma te r i a l was purified by paper chromatography, 
and a slight correc t ion for impur i t ies derived from 
the paper was neces sa ry . The reference s tandards 
employed were r ibose , homocysteine and methionine. 
The stock solution contained 10 iimoles of m a t e r i a l 
per ml. 

In accord with the above s t ruc tu re was the observation that 
S-r ibosyl -L-homocyste ine undergoes cleavage with 0.5 ^ acid to yield 
homocysteine and r ibose: 

S-Ribosyl-L-homocyste ine 
0.5 N HCl 

T00°C, 90 m i ^ 
r ibose + homocysteine 

S-Ribosyl-L-homocyste ine Sulfoxide. S-Adenosyl-L-homocysteine 
did not undergo appreciable decomposition when subjected to weak alkaline 
t rea tment . However, S-adenosyl-L-homocyste ine sulfoxide did exhibit 
considerable breakdown when hydrolyzed with 0. 1 N_ NaOH at lOO^C for 
90 minutes . Paper chromatography revealed the presence of adenine, 
homocysteine, r ibose and a compound with Rf 0.09 in butanol -water -ace t ic 
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acid, and R£ 0.36 in e thanol-water -acet ic acid. This mate r ia l , which reacted 
with the carbohydrate and ninhydrin spray reagents but not with iodoplatinate, 
appears to be S-r ibosyl -L-homocyste ine sulfoxide. Support for this tentative 
identification was obtained by oxidizing S-r ibosyl -L-homocyste ine with HgOj, 
as descr ibed for the oxidation of S-adenosyl-L-homocysteine to S-adenosyl-
L-homocysteine sulfoxide. This oxidation product proved identical with the 
unknown m a t e r i a l obtained from alkaline hydrolysis of S-adenosyl-L-
homocysteine sulfoxide. 

Discussion 

(3) Various modifications in the procedure of de la Haba and Cantoni^ ' 
for the prepara t ion of S- 'adenosyl-L-homocysteine lead to a pure crystal l ine 
compound. The prepara t ion is simplified by the use of a crude ra t l iver 
homogenate ra ther than a par t ia l ly purified enzyme. Improvement in the 
isolation was achieved by column chromatography followed by phosphotung­
stic acid precipi tat ion. Amounts of S-adenosyl-L-homocysteine sufficient 
for biological studies can be obtained with ease . The final yield of about 
20% of the theore t ica l value is sat isfactory since the start ing compounds, 
adenosine and DL-homocysteine, a r e re la t ively inexpensive. 

Of in te res t was the finding that S-adenosyl-L-honaocysteine under­
went considerable oxidation during purification unless a suitable reducing 
reagent such as thiodiglycol was included. Oxidation of the crysta l l ine 
compound a lso occur red unless it was s tored in vacuo or in the absence of 
oxygen. 

The re su l t s of chemical degradation studies of pure S-adenosyl-L-
homocysteine demonst ra te the compound to be quite stable to weak alkaline 
t rea tment . This is in contras t to the lability of S-adenosyl-L-methionine 
under s imi la r conditions.!"^ On the other hand, S-adenosyl-L-homocysteine 
undergoes cleavage when subjected to weak acid hydrolysis . Such cleavage 
leads to the formiation of adenine and a new compound which was isolated 
and par t ia l ly purified by paper chromatography using severa l solvent s y s ­
t ems . Quantitative tes ts for the thioether linkage, amino nitrogen and 
pentose sugar suggest its identification as S-r ibosyl -L-homocyste ine . 

The sulfoxide of S-a.denosyl-L-homocysteine has a lso been prepared . 
It can easi ly be separa ted from the reduced compound by chromatography 
on Dowex-1 r e s in HCOO". The sulfoxide behaves much like S-adenosyl-L-
methionine. It has the same Rf values in the solvent sys tems used and is 
quite labile to alkaline hydrolysis . This is in accord with the observation 
that sulfoxides often re semble sulfonium compounds in their chemical 
p roper t i e s . 
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The charac ter iza t ion of S-adenosyl-L-homocysteine sulfoxide, 
S-r ibosyl-L-homocyste ine and S-r ibosyl -L-homocyste ine sulfoxide dese rves 
more than academic in teres t . It is highly probable that these compounds a r e 
in termedia tes of biological significance. 

Summary 

A simple procedure for the prepara t ion of crysta l l ine S-adenosyl-L-
homocysteine is repor ted . The product is free from all impuri t ies detectable 
by conventional methods. S-Adenosyl-L-homocysteine was found to be quite r e ­
sistant to alkaline t rea tment ; however, it undergoes cleavage in the presence 
of weak acid, producing adenine and a new compound, S- r ibosyl -L-homocys te ine . 
The lat ter is split with s t ronger acid to r ibose and homocysteine. The sulf­
oxide of S-adenosyl-L-homocyste ine has been prepared . As expected, it is 
more labile to alkaline t rea tment than S-adenosyl-L-homocyste ine , and the 
fragments formed a r e adenine, S- r ibosyl -L-homocyste ine sulfoxide, homo­
cysteine and r ibose . 
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STABILIZATION AND AUGMENTATION OF THE NEUTRAL 
DEOXYRIBONUCLEASE (DNAse I) IN MAMMALIAN TISSUE 

R. N. Feins te in and Ulr ich Hagen* 

Although a form of DNAse optimially active at about pH 5 (DNAse II) 
has been observed in a var ie ty of mammal i an t i s s u e s , the form of the 
enzyme optimally active at about pH 7 (DNAse I) can normal ly be detected 
only in panc reas . All other t i s sues tes ted contain a considerable excess 
of an inhibitor of DNAse L ' ^ / It has not yet proven possible to separa te 
the DNAse I and its inhibitor, nor completely and selectively to des t roy 
ei ther factor in o rde r to ineasure the other . 

The possibil i ty was considered that pancreas is unique in exhibiting 
DNAse I activity because its high contant of proteolytic enzymes des t roys 
i ts DNAse inhibitor. If this were so, it might be possible to incubate pancreas 
with other t i s s u e s , e.g., l iver , known to have an excess of inhibitor, to the 
end that the pancreat ic p ro teases would also dest roy the l iver DNAse I in­
hibitor. When this experinaent was t r ied , it was found that such mix tures 
did indeed inc rease in total DNAse I activity, but it was impossible to 
decide whether the increased activity originated in the pancreas or the l iver . 
The following exper iments were , therefore , pe r formed to clarify this point 
and to at tempt accura te a s says of enzyme andinhibi tor in a v a r i e t y of t i s sues . 

Exper imenta l 

DNAse I a s says were per formed by the v i scos ime t r i c technique; in 
all ca ses , the DNAse was maximally activated wdth peptone.!•*•-' Beef pan­
c r ea s was obtained "warm" from the s laughterhouse floor, t r anspor t ed to 
the labora tory in dry ice , and s tored under liquid nitrogen. Less frigid 
s torage resu l t s in detectable , but e r r a t i c , changes inact ivi ty . Crysta l l ine 
DNAse (once c rys ta l l ized ; originally obtained from beef pancreas ) was p u r ­
chased frona Nutri t ional Biochemicals Corporat ion. It was dissolved in cold 
water at 5 p,g/ml and s tored frozen in individual plast ic bott les of 20 to 
30 ml capacity. Although a cer ta in loss in activity is sustained during the 
p rocess of freezing, fur ther loss in activity is minor during seve ra l months 
of s torage at -10 to -15°C. 

Beef pancreas was blended with water and centrifuged at 55,000 x g_ 
in the cold. The supernatant was mixed with varying amounts of egg albuminj 
and the mix tu res were assayed after different per iods of incubation at 37°C. 
F igures 37 and 38 show- that the p re sence of albumin pe rmi t s the appearance 
of a considerably augmented DNAse I activity from the p a n c r e a s . In one 
exper iment the a lbumin-free pancreas ext rac t initially inc reased in activity, 
then decreased ; in the other exper iment , no initial i nc rease was observed. 
We believe that this is due to conditions of s to rage , as noted e a r l i e r . In the 

• P r e s e n t a d d r e s s : Heil igenberg Insti tute, Hei l igenberg/Baden, Germany, 
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second e x p e r i m e n t the p a n c r e a s had been s t o r e d s e v e r a l w e e k s in the 
f r e e z i n g uni t of the r e f r i g e r a t o r a t -10 to -15°C. 
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Figure 37 

Effect of ovalbumiu on DNAse activity of aqueous 
pancreas extract. Mixture of upper curve contained 
0. 05*70 ovalbumin; that of lower curve, no albumin. 
Incubation was at Zl'^C 

40 60 80 
TIME, minutss 

Figure 38 

Effect of ovalbumin on DNAse activity of aqueous 
pancreas extract. Incubation was at 37''C. 
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Table 16 i n d i c a t e s tha t the p r e s e r v i n g and augmen t ing effect of egg 
a lbumin on p a n c r e a t i c DNAse is not unique in ova lbumin but ex tends a l s o 
to a v a r i e t y of o ther p r o t e o l y t i c s u b s t r a t e s . 

An e x p e r i m e n t was p e r f o r m e d to d e t e r m i n e a p p r o x i m a t e l y how long 
such p r o t e c t i v e effect would l a s t . In th i s c a s e , the p a n c r e a s was b lended 
with 19 v o l u m e s of cold 1% Igepal CO 630, a non - ion i c d e t e r g e n t , and cen t r i ­
fuged a t 5000 X g; the s u p e r n a t a n t was incuba ted a t 37°C with a lbumin (final 
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concentration 0.5%) and a few crys ta ls of thymol as p reserva t ive . It will be 
observed from Figure 39 that under these c i rcumstances the DNAse activity 
remains maximal for at leas t 36 hr. 

TABLE 16 

Effect of var ious protective agents on 
DNAse activity of pancreas extract 

Added 

None 
8.0% Peptone 
0.8% Gelatine 
0.8% Albumin 
0.8% Hemoglobin 
Boiled liver supernatant 

DNAse, 

Initial 

222 
280 
176 
164 
170 
186 

units/g 

2 Hr 

0 
834 
714 
690 
446 
164 

Figure 39 

Duration of albumin protection on DNAse 
activity of pancreas extracts in non-
ionic detergent. Ovalbumin was ini­
tially present at a concentration m the 
mixture of 0.5%; tiiymol was added as 
a preser\ative. 

40 50 

T IME, hours 

The albumin device was a]so used in an at tempt to demonstra te 
DNAse I activity in other t i s sues . Mouse l iver, kidney, and intestine were 
homogenized in 9 volumes of cold 1% Igepal CO 630 and centrifuged and 
incubated as above. The function of the Igepal is twofold: (a) it solubilizes 
more t issue protein; i^) (jj'j and it apparently helps des t roy or dissociate 
DNAse inhibitor.(3) Figure 40 shows that DNAse I activity, not initially 
apparent in these t i ssues , becomes obvious in intestine and kidney within 
30 to 60 min and maximal at about 36 hr . It should be noted, however, that 
the scale of activity in this figure differs from that in Figure 39. Per g ram 
of t issue, the maximal pancreat ic activity is about 200 t imes that of kidney 
or intestine. 
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Figure 40 

Duration of ovalbumin effect on DNAse 
activity of detergent extracts of mouse 
kidney and intestine. Ovalbumin was 
originally present at a concentration in 
the mixture of 0.5%; thymol was added 
as a preservative. 

~ 0 10 20 30 40 50 
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Albumin also has the effect of preserving solutions of crystal l ine 
DNAse from loss of activity upon incubating at 37°C. Two such exper i ­
ments a re briefly summarized in Table 17, which indicates that the custom­
ary deter iorat ion of the enzyme at 37°C is eliminated by the presence of 
albumin. 

TABLE 17 

Effect of albumin on crystal l ine DNAse incubating at 37''C 

Experiment 1 

Experiment 2 

Control 
Albumin 

Control 
Albumin 

DNAse, 

Initial 

0.9 
0.8 

1.2 
1.4 

uni ts /g 

1 hr 

0.4 
0.8 

0.5 
1.4 

The possibili ty was considered that this might also be a protective 
action of albumin against t r ace contamination of the crystal l ine DNAse 
with proteolytic activity. This point was investigated by incubating the 
crystal l ine enzyme with varying amounts of albumin. If the albumin were 
protecting against proteolys is , it would be expected that at sonae concen­
trat ion of albumin, protection would be evident for a period of t ime, and 
then, upon the proteolysis of the albumin, destruction of the DNAse would 
ensue. Figure 41 shows that no such concentration of albumin could be 
found, and it is concluded that degradation of these dilute solutions of 
crystal l ine DNAse is via denaturation. 
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Figure 41 

Effect of varying quantity of ovalbumin on activity of 
aqueous solution of crystalline DNAse. Incubation was 
at 37°C. 

An e x p e r i m e n t w a s a l s o p e r f o r m e d t o d e c i d e w h e t h e r t h e p r e s u n a e d 
c o m p l e x f o r m e d b y t h e a d m i x t u r e of c r y s t a l l i n e D N A s e a n d l i v e r s u p e r ­
n a t a n t w a s a d i s s o c i a b l e o n e . T o t h i s e n d , a s o l u t i o n of c r y s t a l l i n e D N A s e 
a n d a m i x t u r e of t h e s a m e a m o u n t of c r y s t a l l i n e D N A s e t o g e t h e r w i t h l i v e r 
s u p e r n a t a n t w e r e p r e p a r e d , a n d t h e s e t w o s o l u t i o n s w e r e s e r i a l l y d i l u t e d 
a n d t h e n a s s a y e d . T a b l e 18 i n d i c a t e s t h a t t h e g r e a t e r t h e d i l u t i o n of t h e s e 
s o l u t i o n s , t h e l e s s i n h i b i t i o n i s e v i d e n t . I t i s , - t h e r e f o r e , c o n c l u d e d t h a t t h i s 
e n z y m e - i n h i b i t o r c o m p l e x i s i n d e e d d i s s o c i a b l e . 

T A B L E 18 

D i s s o c i a b i l i t y of t h e D N A s e - i n h i b i t o r c o m p l e x 

Relative 
concentra­

tion of 
solution 

100 
75 
50 
30 
15 

DNAse I activity, 
uni ts /g 

No 
inhibitor 

0.56 
0.47 
0.32 
0.18 
0.10 

Inhibitor 

0.30 
0.25 
0.23 
0.16 
0.105 

% 
inhibition 

46 
47 
28 
11 

0 
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Discussion 

A p r i m a r y goal of this work has been the attainment of a technique 
for l iberating and measur ing the total DNAse I activity of other t i s sues 
than panc reas . Although the ra ther prolonged constancy of the kidney and 
intestine DNAse levels shown in Figure 40 suggest that maximum activity 
may have been reached, there is some reason to question this conclusion. 
Par t i cu la r ly to be noted is the fact that l iver here showed only t r aces of 
activity, whereas we,(3) as well as o the r s , ' ^ " " / have demonstra ted appre ­
ciable l iver DNAse I activity under various other conditions. 

The mechan ism whereby albumin not only pro tec ts the DNAse I 
of panc reas , but actually pe rmi t s an augmented activity, would seem most 
readily explainable by the concept that the pancreat ic inhibitor of DNAse 
activity is mos t labile to pancreat ic p ro t ea se s , that the DNAse itself is 
l e ss sensi t ive, and that ovalbumin is of an intermediate stability. Thus 
upon incubation the inhibitor is destroyed, while the enzyme is protected 
by saturat ion of the p ro teases with albumin. It has been suggested beforei^j 
that t i ssue DNAse may be more stable to proteolytic activity than is the 
inhibitor. 

Summary 

Aqueous ex t rac ts of beef pancreas rapidly lose their DNAse I activity 
upon incubation at 37°C. If albumin, peptone, or a var ie ty of other pro teo­
lytic subs t ra tes is added to the extract , not only is there no loss of activity, 
but a severalfold inc rease in activity is observed. Mouse kidney or in tes ­
tine, which normal ly show no DNAse I activity, will exhibit an appreciable , 
though not grea t , activity if s imi la r ly incubated with albumin. 

Once-crys ta l l ized commiercial DNAse also loses activity upon in­
cubation, but not in the p resence of albumin or peptone. Protect ion against 
loss of activity in this sys tem is presxmiably due to protect ion against de­
naturation. In the case of crude pancreas ex t rac t s , the protection is p r e ­
sumed due to proteolytic destruct ion of DNAse inhibitor while DNAse itself 
is protected from pro teo lys is . 

The complex formed between crysta l l ine DNAse and DNAse inhibitor 
from mouse l iver is dissociable upon dilution. 
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S-ADENOSYLMETHIONINE IN RAT LIVER 

Panpit Pansuwana* 

Despite extensive exper iments on the formation of S-
adenosylmethionine by l iver enzymes and on its function as a methyl donor 
in the formation of c rea t ine , N-methylnicotinamide, choline, and other 
methylated compounds, no information is on record concerning the concen­
trat ion of this sulfonium compound in t i s s u e s . " ) In the mammal ian o r ­
ganism l iver is recognized as the pr incipal site of formation and function 
of S-adenosylmethionine; therefore , its quantitative determinat ion in this 
t i ssue and the cor re la t ion of the concentration with the amounts of meth­
ylated products is of par t i cu la r in teres t . 

In the past , an obstacle to t i ssue assay has been the lack of suitable 
methods. This difficulty has been overcome by the development of simple 
chromatographic techniques combined with spectrophotometry, taking ad­
vantage of the strongly cationic p roper t i es of the sulfonium compound and 
of its ul t raviolet absorpt ion at 260 m/i.(^) With yeas t cel ls it has been 
demonst ra ted that the methionine concentration is a l imiting factor in the 
formation of S-adenosylmethionine.(^) A s imi lar situation may be expected 
in mammal ian l iver since methionine is an indispensable die tary constituent. 
Exper iments on the influence of methionine adminis t ra t ion on the formation 
of S-adenosylmethionine were included, therefore , in this s e r i e s . The use 
of labeled methionine gave some information on the turnover of 
S - adeno sy Ime thionine. 

Mater ia l s and Methods 

Rats (Sprague-Dawley) of e i ther sex, weighing approximately 200 g, 
were used. Immediately after death the l ivers were hoinogenized with 2 or 
3 volumes of dist i l led water at low t empera tu re . For extract ion and r e ­
moval of protein, pe rch lor ic acid was added to the homogenate'-^i to a final 
concentration of 1.5 N. The mixture was kept in the cold room with frequent 
agitation for two hours . After centrifugation, the supernatant solution was 
applied to a Dowex 50 H"*" column as descr ibed ear l ie r . (2) Nucleotides and 
re la ted substances were eluted by 1 N H2SO4; S-adenosylmethionine was r e ­
leased from the column by increasing the concentration of the acid to 6 _N. 
The concentrat ion of S-adenosylmethionine in the eluate was determined by 
spectrophotometry at 256 m/i ( E ^ = 15,400). The radioactivity of samples 
was determined by liquid scinti l lat ion counting. 

*On leave of absence from Siriraj Hospital, Dhonburi, Thailand; spon­
sored by the International Institute of Nuclear Science and Engineering. 
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Results and Discussion 

Table 19 shows data on the concentration of S-adenosylmethionine 
in ra t l iver . The level is much lower than that in m i c r o o r g a n i s m s , e s ­
pecially in yeast.(1) F u r t h e r m o r e , the concentrat ion va r i e s considerably 
among animals and with the state of nutri t ion. The influence of L-methionine 
was tested by in t raper i toneal injection at different t imes p r io r to sacrif ice 
of the an imals . The effect of the amino acid in rais ing the level of S-
adenosylmethionine in l iver apparently has reached its maximum after 
30 nnin. The inc rease , however, is smal l compared with the amount of 
methionine injected. It mus t be concluded that the level of methionine in 
the t i ssue is only one of severa l factors determining the concentrat ion of 
S-adenosylmethionine, and the compound appears to be metabol ized and 
eliminated rapidly. At 2 hr and at 4 hr after in t raper i toneal injection of 
S-adenosylmethione, normal levels were found in l iver . 

TABLE 19 

S-Adenosylmethionine in ra t l iver 

Trea tment 

Food ad libitum 

Starved 

L-methionine* 
(67 liM) 

L-methionine* 
(200 /iM) 

S-adenosylmethionine* 
(50 /iM) 

Interval 
before 

sacr if ice 

24 hr 

15 min 
30 min 

2 hr 
4 hr 

30 min 

2 hr 
4 hr 

No. of 
animals 

13 

4 

1 
2 
2 
2 

1 

1 
1 

Liver 
S-adenosylmethionine, 

0.012-0.136 
(mean 0.075) 

0.01-0.09 
(mean 0.04) 

0.11 
0.20 
0.10 
0.07 

0.45 

0.06 
0.05 

• In t raper i toneal injection. 

T r a c e r exper iments were c a r r i e d out to check for the p resence of 
methionine r e s e r v e s in l iver . This may be judged on the basis of dilution 
of the specific activity of S-adenosylmethionine after injection of the 
labeled amino acid. Table 20 shows that considerable dilution occurs which 
can be accounted for only in pa r t by the nonradioactive S-adenosylmethionine 
presen t in the l iver at the outset of the exper iment . The discrepancy 
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between meth ion ine-a -C and methionine-C H3 in this experiment is 
explained by the rapid metabolic t ransfer of the methyl group. S-
Adenosylhomocysteine which remains after t ransmethylat ion may serve for 
regenerat ion of S-adenosylmethionine by adding a methyl group or a methyl 
p r ecu r so r . This would explain the grea te r pers is tence of the a-C^"* label 
compared with that in the methyl group. 

TABLE 20 

Incorporat ion of labeled methionine into S-adenosylmethionine in r a t l iver 

T r a c e r 
injected* 

L-Methionine- t - -C '* 
L-Methionine-( / -C '* 
L-Me thionine - L/- C " 

L-Methionine-C'^Hj 
L-Methionine-C'^Ha 
L-Methionine-C'^Hj 

Quantity, 
mg 

32.2 
28.4 
28.4 

27.2 
27.0 
27.0 

Specific 
activity, 

1 x 1 0 ^ c p m / p M 

0.79 
1.25 
1.25 

0.46 
0.42 
0.42 

Inte rval 
before 

sacr i f ice , 
min 

30 
120 
240 

30 
120 
240 

Specific 
activity of 

l iver 
S-adenosylmethionine, 

1 x 1 0 * cpm/> M 

5.5 
1.44 
0.22 

1.28 
,0.05 
0.05 

% 
Initial 

specific 
activity 

70 
11.5 

1.8 

28 
\ 1 

1 

• In t raper i toneal injection. Methionine-C' -C '* was available only in i ts DL-form. This 
ma te r i a l was diluted with an approximately tenfold quantity of nonradioactive L-methionine; 
only the radioactivi ty of the L-component is considered in this calculation, since D-
methionine does not form S-adenosyl-D-methionine in the animal organism.!*) 

The concentration of S-adenosylmethionine in l iver is low compared 
with the quantities of metaboli tes which a re methylated by this donor. It 
is c lear from the present data that the sulfonium compound amounts only 
to a fraction of the total of methylated products. The content of S-
adenosylmethionine per ra t l iver is usually about 1 /iM, while the daily 
ur inary excretion of creat ine and creatinine alone is of the order of 40 to 
60 JIMS ' ' The biosynthesis of S-adenosylmethionine must be a very 
effective process to cope with the needs of the organism for methyl groups 
in this and many other react ions; this is borne out by the rapid disap­
pearance of the label in the t r a c e r experiments . 
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STUDIES ON THE ACID PHOSPHATASE AND p-GLUCURONIDASE 
ACTIVITIES OF THYMUS AND SPLEEN AFTER WHOLE-BODY 
X-IRRADIATION OF RATS, AND THEIR POSSIBLE RELATION 

TO THE LYSOSOME PARTICLES 

Y. E. Rahman* 

Introduction 

On the bas is of differential centrifugation, de Duve and co-
workers^-'-»^) proposed the name "lysosome" for a special group of p a r ­
t ic les which show a sedimentation distr ibution between the mitochondrial 
and the mic rosoma l f ract ions; this group of pa r t i c les contains a number 
of easily soluble hydrolases (i .e. acid phosphatase, /3-glucuronidase, acid 
r ibonuclease, deoxyribonuclease II, cathepsin, etc.) having in common an 
acid pH optimum.(3) 

In o rde r to study the effect of X- i r rad ia t ion on this par t icu lar group 
of lysosomes , we have used the thymus and the spleen of r a t s , since lym­
phoid t issue is far more radiosensi t ive than other t i s sues in which lysosomes 
have been studied. 

Among the lysosomal group of enzymes, so far we have tested only 
acid phosphatase and ,8-glucuronidase. 

Methods 

Two sets of exper iments were c a r r i e d out with female Holtzmann 
r a t s , from 45 to 50 days of age, weighing between 130 and 150 g. The f i rs t 
exper iment consisted of 32 an imals , 24 of which were given a single dose 
of 200 r; 8 were used as cont ro ls . In the second experiment , 48 ra ts were 
studied, 36 of which were given a single dose of 1000 r; 12 were used as 
controls . 

Animals were killed by decapitation; thymus and spleen were taken 
out and chilled at once in 0.25 M sucrose at 0°C; the t issue was passed 
through a piece of gauze which retained the connective t i ssue . 

Total act ivi tes were es t imated in the p resence of 0,1% Igepal-630, 
which r e l eases the enzymes completely from the part iculate membrane of 
lysosomes . 

•Resident Resea rch Associate 



105 

Free activit ies were estinnated in the presence of a subst ra te mix­
ture containing 0.25 M sucrose , with an incubation time of ten minutes . 
The enzymes assays were the same as described by Gianetto and de Duve.i'*/ 

Results 

The resul ts are summar ized in Tables 21 and 22. F rom these 
tables, it is c lear that the specific activit ies of both the acid phosphatase 
and ["'-glucuronidase increase after i r radiat ion. However, the total enzyme 
activities show an increase only in the case of acid phosphatase 2 hr after 
a dose of 1000 r; this is t rue for the thyixius as well as for the spleen: In 
all other c a s e s , the total organ activity of the enzymes is decreased . 
This suggests that the increases in enzyme specific activit ies may be 
solely due to a selective retention of enzyme nitrogen. 

TABLE 21 

Effect of whole-body X-i r radia t ion on the thymus of ra ts 

Time after 
i r radiat ion 

Control 
5 hr 

24 hr 
48 hr 

Control 
2 hr 

24 hr 
48 hr 

Acid phosphatase [i-glucuronidase 

200 r 

E.S.A. 

0.24 
0.21 
0.66 
0.64 

E.T.A. 

3.91 
3.44 
3.87 
2.59 

F.A. 

49 
55 
68 
48.4 

E.S.A. 

5.6 
4.5 

14.6 
14.1 

E.T.A. 

91 
74 
86 
57 

F. A. 

47.4 
62.5 
59.2 
47.7 

1000 r 

0.15 
0.19 
0.20 
0.64 

2.42 
3.12 
1.90 
1.68 

65.5 
64.2 
73.8 
53.3 

5.6 
4.9 
8.4 

27.7 

91 
81 
80 
73 

40.0 
51.2 
56.5 
57.6 

E.S.A. = Enzyme specific activity, / i gP /mgN/min for acid phosphatase, 
and/i moles of phenolphthalein/gN/min for [-'.-glucuronidase. 

E.T.A. = Enzyme total activity product of total nitrogen and E.S.A. 

F.A. = F ree activity, expressed in % of total activity. 
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TABLE 22 

Effect of whole-body X-i r radia t ion on the spleen of ra ts 

Time after 
i r radia t ion 

Control 
5 hr 

24 hr 
48 hr 

Control 
2 hr 

24 hr 
48 hr 

Acid phosphatase (6-glucuronidase 

200 r 

E.S.A. 

0.38 
0.31 
0.56 
0.69 

E.T.A. 

10.90 
10.10 
9.10 
9.03 

F.A. 

53.1 
55.8 
50.9 
52.1 

E.S.A. 

1.5 
1.4 
2.2 
2.4 

E.T.A. 

43 
46 
36 
31 

F.A. 

60.0 
65.0 
57.0 
62.5 

1000 r 

0.20 
0.36 
0.41 
0.52 

8.62 
11.90 
6.65 
5.38 

51.5 
52.1 
48.1 
60.9 

1.3 
1.4 
2.5 
3.3 

56 
46 
41 
34 

44.5 
54.3 
54.7 
61.4 

E.S.A. = Enzyme specific activity, / i gP /mgN/min for acid phosphatase, 
and jUM of phenolphthalein/gN/min for /3-glucuronidase. 

E.T.A. = Enzyme total activity, product of total nitrogen and E.S.A. 

F.A. = F r e e activity, expressed in % of total activity. 

An attempt at a bet ter understanding of the rea l significance of the 
increase of enzyme activit ies as well as their relat ion to the lysosome pa r ­
t icles has been undertaken by studying the thymus t issue and fractions sepa­
rated by densi ty-gradient centrifugation under the e lect ron microscope 
before and after i r radiat ion. 
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THE TEMPERATURE OF NEUTRON-IRRADIATED SUBSTANCES 

T. R. Sato and H. H. Strain 

When phosphorus compounds were exposed to neutrons at a high 
flux (2 X 10^ n/cm^ sec), the activation products varied with the nature of 
the containers.V-l-; This variat ion was t raced to the rmal reactions resu l t ­
ing from the absorption of neutrons by the smal l quantities of boron in the 
containers themselves . 

In order to control the condition of the samples during the neutron 
i r radiat ion, we established the relationship among neutron flux, composi­
tion of the containers , and the t empera tu re . To this end, we i r rad ia ted 
ampoules of lime g lass , boron-free g lass , quartz, and polyethylene using 
a neutron flux of 1 x 10 (n/cm sec) and determined the tempera ture as a 
function of t ime. Typical resul t s are shown in Figure 42, which indicates 
that, even at the very low flux, the tempera ture of lime glass r i ses signif­
icantly while the t empera ture of the other containers does not inc rease . 
For the maintenance of minimum tempera tu re during the neutron i r r a d i a ­
tion of samples in sealed containers , pure quartz or polyethylene would 
therefore be the most desi rable ma te r i a l . 

Figure 42. Temperature reached by containers of lime glass, boron-free glass, 
quartz, and polyethylene irradiated by neutrons at a flux of 1 x 
10° n/cm'^ sec. Initial temperatures were those of the reactor 
before it was brought into operation. The containers were placed 
in the so-called isotope hole No. 2 in the graphite reflector of the 
Argonne CP-5 reactor. The temperature was determined with 
chromel-aiumel thermocouples. 

The tempera ture reached by quartz containers at var ious levels of 
neutron i r radiat ion is shown by Figure 43. Even with quartz there was a 
smal l t empera ture r i se with an increase in the neutron flux, and this 
should be considered when labile substances a re i r rad ia ted in sealed 
quartz tubes . 
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QUARTZ 

FULL FLUX 

NEUTROM FLUX 
n/cm^sec 

2.I4XI0'2 
1.3 X I0'2 

- 8 . 0 X 1 O" 
,10 

18 24 30 36 
MINUTES 

42 48 54 

Figure 43. Temperature reachedby quartz containers exposed to various 
levels of neutron flux. The containers were placed in the 
grapliite reflector at various distances from the vertical 
center line of the reactor where the neutron flux had been 
determined. Temperature was determined with 
thermocouples. 

Al though it i s u s u a l l y d e s i r a b l e to i r r a d i a t e s u b s t a n c e s at low t e m ­
p e r a t u r e s , t h e r e m a y be o c c a s i o n s when an e l e v a t e d t e m p e r a t u r e is 
p r e f e r r e d . By u s ing c o n t a i n e r s conta in ing b o r o n , as for e x a m p l e P y r e x 
(bo ros i l i c a t e ) g l a s s , e l e v a t e d t e m p e r a t u r e s m a y be a c h i e v e d . With t h e s e 
c o n t a i n e r s , the t e m p e r a t u r e is a function of the n e u t r o n flux as shown in 
F i g u r e 44. T h e s e r e s u l t s ind ica te tha t it should be p o s s i b l e to p r e p a r e 
c o n t a i n e r s o r packed t u b e s conta in ing m i x t u r e s of b o r i c oxide and a l u m i n a 
so tha t the t e m p e r a t u r e depends upon the c o m p o s i t i o n of the m i x t u r e i 
h e n c e for any flux a p a r t i c u l a r t e m p e r a t u r e m a y be ob ta ined . 

FULL FLUX 

J I 1 I I L _ _ J I L 

NEUTRON FLUX 
n/cm^/sec 

2.14 X lo'^ 

• 1.3 X 10" 

- 8.0 s 10" 
•1.3 X l O " 

-4.0x10^ 

18 24 30 36 42 
MINUTES 

48 54 

Figure 44. Temperature reached by Pyrex containers exposed to 
various levels of neutron flux. The conditions were 
the same as those employed in Figure 43. 
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The relat ionship among the composition of the containers , the 
t empera tu re , and the neutron flux is shown by Figure 45, which is derived 
from the data in F igures 43 and 44. This figure shows that at a low flux 
(1 X 10 to 1 x 10^ )̂ the composition of the container has relat ively little 
effect on t empera ture whereas at high flux (above 1 x 10 )̂ the composition 
of the container has a t remendous effect upon the t e inpera tu re . F rom this 
we conclude that for i r radia t ion at low flux (below 1 x 10̂ *̂ ), the t e m p e r a ­
ture effects due to variat ion of the containers a re not very significant. 
But at high flux (above 1 x 10^^), the te inpera ture effects due to variat ion 
of the containers may be cr i t ica l . 

IQS io9 io'° ID" 

NEUTRON FLUX tn /cm^/sec) 

10'̂  

Figure 45. Temperature reached by Pyrex and quartz containers 
exposed to various levels of neutron flux. Average 
values were taken from Figures 43 and 44. 

We have put t h e s e o b s e r v a t i o n s to p r a c t i c a l u s e in our s t u d i e s of 
the n e u t r o n a c t i v a t i o n of ac id p h o s p h a t e s , such as d i s o d i u m p h o s p h a t e , 
Na2HP04. I r r a d i a t e d at h igh n e u t r o n flux w h e r e the t e m p e r a t u r e of the 
c o n t a i n e r s exceeded about 200°C, the e n t i r e s a m p l e s of t h i s m a t e r i a l w e r e 
c o n v e r t e d to p y r o p h o s p h a t e , Na4P207. But i r r a d i a t e d at low n e u t r o n flux 
so tha t the c o n t a i n e r s w e r e not hea t ed o v e r 40 to 50°C, the s a m p l e s w e r e 
u n a l t e r e d c h e m i c a l l y , y ie ld ing only r a d i o a c t i v e p h o s p h a t e , which was 
i s o l a t e d by e l e c t r o c h r o m a t o g r a p h y . 
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THE STUDY OF DIURNAL METABOLIC RHYTHMS WITH 
THE CONSTANT FEEDING TECHNIQUE 

L Liver Glycogen Levels andDNA Synthesis 

R. W. Swick, G. Germek and R. Ogawa 

The technique of t raining animals to feed at hourly in tervals , the 
so-cal led constant-feeding technique, has been used for a number of yea r s 
in this labora tory for the "continuous" adminis t ra t ion of isotopic com­
pounds. The incorporat ion of t r a c e r ma te r i a l s into the chemical consti t ­
uents of the ra t under these conditions has enabled us to de termine cer ta in 
p r e c u r s o r - p r o d u c t re la t ionships as well as to m e a s u r e quantitatively the 
velocit ies of some metabolic reac t ions . The question has often been ra i sed 
whether animals maintained on such an abnormal regimen yield information 
applicable to no rma l animals whose feeding habits a re considerably dif­
ferent: By changing the ra t from a p r imar i l y nocturnal feeder to a con­
tinuous feeder do we change or d is tor t his metabol i sm sufficiently to 
invalidate the exper imenta l r e su l t s? 

F r o m numerous exper iments of o the r s , it is c lear that not only do 
animals feed during cer ta in per iods of the day and fast at o the rs , but that 
a number of metabolic p r o c e s s e s also exhibit a cyclic pat tern of activity. 
Fo r example, Barnum et_al.\'^) observed that the s to res of l iver glycogen 
in mice maintained under normal l ight -dark conditions were up to 10 t imes 
higher at 8:00 A.M, than they were at 8:00 P.M. These authors also found 
that the incorporat ion of P into m i c r o s o m a l r ibose nucleic acid (RNA) 
and into deoxyribose nucleic acid (DNA) varied over a twofold range dur ­
ing the 24-hr period with each exhibiting a maximum at a different t ime . 

Likewise, Elfvin et a l . ' -^ observed a diurnal rhythm in the glycogen 
s to re s of chickens . Because the rhythm seemed to p e r s i s t in fasting 
chickens, and a glycogen rhythm of a so r t was observed even in chick em­
bryos , the opinion was that the feeding habits of the animal have little or 
no effect on these cyclic metabolic p r o c e s s e s . However, no exper imental 
r e su l t s have been repor ted which d i rec t ly tes t the point. 

Therefore , it appeared feasible to answer, in par t , both questions 
by comparing these metabolic rhythms in animals maintained under normal , 
ad libitum conditions with those in r a t s fed continuously. If the constantly-
fed ra t s ceased to exhibit these metabolic cycles , then one might conclude 
that the rhythms observed in the animals fed_ad libitum were a product of 
the feeding habits of the animal , a secondary response to the immediate 
nutr i t ional s tate of the animal , and that the p r i m a r y rhythms to study are 
those governing the feeding rhythm. On the other hand, if the cyclic phe­
nomena p e r s i s t in the continuously fed animal , then these rhythms may 
well be under the p r i m a r y control . 
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Therefore , this repor t is concerned with a p re l iminary exper iment 
with only a few animals per group, wherein the l iver glycogen levels and 
the incorporat ion of P into various chemical fractions of l iver were de­
termined at 6-hr intervals in ra t s which had been fed ad libitum or hourly. 
The resu l t s a re interest ing in that constant feeding appears to dampen the 
cyclic changes in l iver glycogen levels but has no effect on the rhythmic 
changes in the rate of synthesis of DNA. 

Twenty-four adult male r a t s were fasted over a weekend. Of these , 
12 were then fed powdered stock diet at hourly intervals for a period of 
2 or 3 weeks, a tiine believed sufficient to bring them into some sor t of 
equil ibrium. The res t of the ra t s were housed in s imi lar cages but were 
fed the same diet ad l ibitum. The clock-control led lighting sys tem gave 
12.5 hours of darkness and 11.5 hours of light each day. Three animials 
in each group were sacrif iced at each of 4 t ime in te rva ls : 7 A.M., 1 P.M., 
7 P.M., and 1 A.M. Two hours before sacr if ice the animals were injected 
with NaaHP ^04. The l ivers were removed and severa l s l ices were taken 
for mitotic cell counts. The remainder was frozen until it could be analyzed. 
After thawing, each l iver was homogenized; an aliquot was removed for 
determinat ion of the glycogen, and the remainder was fractionated for 
isolation of the acid-soluble phosphorus component (ASP), phospholipids, 
RNA, and DNA. The specific activity of each fraction was determined and 
compared to the specific activity of the ASP component. 

The ra t s fed ad libitum gained slightly more weight during the 
equilibration period than did the constant-fed an imals , mainly because of 
the r e s t r i c t ed amount of diet offered the la t te r group during the f irs t few 
days of the t raining period. It was not nece s sa ry to pair - feed the two groups 
as both consumed s imi la r amounts of the diet after the proper levels for 
the constant fed group had become establ ished. 

The percentage of glycogen in the l ivers of the two groups is shown 
in Figure 46. The glycogen levels in the control animals were highest in 
those ra t s killed at 7 A.M. and lowest in those sacrif iced at 7 P.M. These 
resu l t s a re qualitatively s imi la r to those obtained with micel-'-/ but quan­
titatively there is a considerable difference. The values obtained with 
ra ts have only about a twofold range, while those observed with mice had 
roughly a tenfold range . As can be seen from the figure, the glycogen 
levels at each t ime period in those animals fed hourly was s imi la r and 
approximately halfway between the maximum and minimum values for 
the ra ts fed ad l ibi tum. Therefore one may conclude that the diurnal va r ­
iation in l iver glycogen levels is a reflection of the feeding habits of the 
animal . This is not too surpr i s ing . 
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Figure 46 

Liver glycogen levels in rats sacrificed at 6-hr 
time intervals, o » animals fed ad libitum; 
m s animals fed hourly. 

7 AIM I PM 7 PM I AM 
TIME SACRIFICED 

Next, the specific activity of the DNA, RNA and phospholipids for 
each animal was compared to the specific activity of the ASP fraction 
obtained from the same animal. The incorporation of P into the phos­
pholipid fraction did not appear to follow any sort of cyclic pat tern in 
either group; the average for each t ime group varied about i 10% of the 
over -a l l average, and there was no significant difference between the 
animals fed ad libitum and hourly. In contrast , in the mouse Barnum 
et al.(^) found a definite cyclic pat tern for this fraction which ranged 
+ 30% of the average . 

The incorporation of isotope into the RNA fraction of l iver also 
failed to show c lea r -cu t differences at different t imes of the day in 
animals fed ad libitum or hourly. There was a suggestion of a cyclic 
pat tern in the control animals with a maximum occurr ing at the end of 
the light period s imi lar to that found in mice , \ l ) but the number of ani­
mals was too limited to lend much credence to it . In the animals fed 
hourly, this cycle was even less c lear . 

Finally the incorporation of P into the DNA is shown in Figure 47. 
In both groups DNA synthesis was at its highest at 1 P.M. and at its lowest 
at 7 P.M. The average values for each group at each t ime point a re quite 
s imi lar and there is no evidence of any suppression of the cyclic nature 
of the ra te of synthesis in aniinals fed hourly. In the mouse experiment^''-) 
the maximum occurred near the end of the dark period, following the r i s e 
in liver glycogen. 

In mice , the mitotic ra te in the l iver exhibits a fivefold variat ion 
through the 24-hr cycle, with a maximum occurring shortly after the peak 
in DNA synthesis . ! 1) Through the courtesy of Mrs . A. Stroud, an attempt 
was made to measure the mitotic rate in the l ivers of the ra ts in the 
present experiment; however, the mitotic ra tes were so low in all of the 
animals that it was not possible to make any sort of reasonable count or 
comparison between groups. 
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Figure 47. Comparative rates of DNA synthesis in the luers of rats 
sacrificed at B-hr intervals. O s animals fed ad libitum; 
• - fed hourly. 

It appears then that the level of glycogen in the l iver may be 
dependent on the feeding habits of the animal, while the synthesis of 
DNA as naeasured by the incorporation of P is independent of the feed­
ing cycle and is controlled by some more fundamental miechanism. 
Although the conclusions drawn from the ear l ie r experiments measur ing 
the absolute ra tes of DNA synthesis in ra t liverl^j^) would appear to be 
undisturbed, the present resul ts suggest that one must at least consider 
the possible effects of the constant-feeding technique on the metabolic 
p rocesses of the animal . 

Addendum 

An attempt was made to repeat the ent i re experiment with more 
animals and more time points. The resul ts were quite capr ic ious , and the 
pat terns of the values were only vaguely s imi lar to those obtained in the 
initial experiment . 
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PROGRESS REPORT: DENSITY GRADIENT CENTRIFUGATION 

Effect of X-Radiation on Distribution of 
Cytoplasmic Par t icu la tes of Rat Liver 

J. F . Thomson, Y. E. Rahman, and F . K. White 

Noyes and Smiths^) have presented evidence of a marked effect of 
ionizing radiat ion on ra t l iver mitochondria . Within 15 min after exposure 
to 1000 r, the numbers of mitochondria per unit weight of l iver dec reased 
by about 40% although the total weight of mitochondria per gram dry weight 
of liver was essent ial ly unchanged. Thus there was an apparent inc rease 
of 65% in unit mass per mitochondrion. The effect was t r ans i to ry , the 
mitochondrial count re turning to no rma l within 6 h r . 

We felt that such a dramat ic change should be detectable by gradient 
centrifugation of l iver homogenates . Since a 65% increase in m a s s would 
inean an 18% increase in diaineter , a difference readily d iscernible by our 
procedure , i^ / there should be a significant a l terat ion in the distr ibution 
pat tern of mitochondria- l inked enzymes, with an inc rease in the par t ic le 
d iameter associa ted with maximum activity. 

Methods 

Female Sprague-Dawley r a t s , 8 months old, were used in these 
exper iments . I r radia ted r a t s received 1000 r of X-radiat ion, del ivered at 
a ra te of 200 r / m i n . The animals were killed 90 min after exposure , the 
t ime interval for which Noyes and Smith descr ibed the most consistent 
effects. Both control and i r r ad ia ted ra t s were fasted 18 to 20 hr before 
they were killed. 

Most of the methods employed in p repar ing the t i s s u e s , cen t r i -
fuging, and assaying for enzymatic activity have been descr ibed in detail 
elsewhere.!•'•) The assay for acid phosphatase was slightly modified from 
that previously used in that the l iberat ion of bound activity was accomplished 
by adding a non-ionic detergent , Igepal CO-630, to the react ion mix ture , 
r a the r than by repeated freezing and thawing. 

Results 

Distribution of Succinic Dehydrogenase. F igure 48 shows the 
distr ibution of succinic dehydrogenase in respec t to par t ic le size in control 
and i r rad ia ted animals . Since this enzyme seems to be associa ted ex­
clusively with mitochondria, Figure 48 thus r ep re sen t s the distr ibution 
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p a t t e r n of m i t o c h o n d r i a . It i s c l e a r tha t t h e r e i s v e r y l i t t l e d i f fe rence 
b e t w e e n c o n t r o l and i r r a d i a t e d r a t s . After i r r a d i a t i o n , t h e r e was a s l igh t 
d e c r e a s e in s i ze a s s o c i a t e d with m a x i m u m ac t iv i ty , r a t h e r than the i n ­
c r e a s e an t i c ipa t ed f rom the r e s u l t s of Noyes and Sini th. Th i s d e c r e a s e 
w a s f rom 0.74 to 0.71 jd, and r e p r e s e n t s a change of l e s s t han 10% in 
m i t o c h o n d r i a l v o l u m e . The amoun t of s u c c i n i c d e h y d r o g e n a s e ac t iv i ty 
found in the s e d i m e n t , r e p r e s e n t i n g a l l p a r t i c l e s l a r g e r t h a n those r e p ­
r e s e n t e d in F i g u r e 48, was about the s a m e in both c a s e s , 31,5% of the to t a l 
a c t i v i t y in the c a s e of the i r r a d i a t e d r a t s , 30 .3% for the c o n t r o l s . The 
t o t a l a c t i v i t y of the l i v e r h o m o g e n a t e was unchanged by i r r a d i a t i o n . 
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Figure 48. Distribution of succinic dehydrogenase in 
control and irradiated rat liver. Centrifuged 
at 3000 rpm for 1 hr; 5 rats per group 

U r i c a s e A c t i v i t y . T h e t w o d i s t r i b u t i o n c u r v e s f o r u r i c a s e w e r e 
v i r t u a l l y i n d i s t i n g u i s h a b l e ( F i g u r e 4 9 ) , a n d t h e t o t a l a c t i v i t i e s d i d n o t 
d i f f e r s i g n i f i c a n t l y . T h u s t h e r e i s n o e v i d e n c e f o r a n y a l t e r a t i o n of t h e 
p r o p e r t i e s of t h e p a r t i c l e s c o n t a i n i n g u r i c a s e . 

Figure 49 

Distribution of uricase in control 
and irradiated rat liver. Centrifuged 
at 3000 rpm for 2 hr; 6 irradiated, 
4 control rats 
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Acid Phosphatase Activity. The assay for this enzyme is not so 
p rec i se and sensit ive as that for u r i case or succinic dehydrogenase, and 
considerable variat ion was encountered among the control and i r r ad ia ted 
groups. However, there seemed to be no effect of i r rad ia t ion on ei ther 
the activity or distr ibution of f ree, bound, or total acid phosphatase . 
More work needs to be done on the effect of i r rad ia t ion of lysosomal 
enzyines, but it may be tentatively suggested that radiation has li t t le ef­
fect on liver lysosomes . 

Discussion 

There a re severa l possible reasons why, in cont ras t to Noyes and 
Smith,U) we have failed to demonst ra te a c l ea r -cu t effect of radiation on 
ra t l iver mitochondria. Noyes and Smith used male Long-Evans r a t s , 
fasted 12 hr before exposure , whereas we used female Sprague-Dawley 
animals , fasted 18 to 20 h r . They exposed their animals to Co ° 7 - r ays at 
a ra te of 35 r / m i n , while we used 200 r / m i n of X-radiat ion, so that our 
animals were confined to exposure boxes a much shor te r t ime . 

What may be of g rea tes t significance, however, is their technique 
of prepara t ion of subcellular f ract ions . The method of SmithV-^i consis ts 
of f i rs t forcing the t i ssue through a disk perforated with 0.9-mm holes , a 
procedure which we have found to be dele ter ious to mitochondria.!'^) The 
pulp is then homogenized in 3 volumes of KCl, diluted to about 4 volumes, 
and centrifuged to sediment the nuclei , mitochondria , cel lular debr i s , and 
probably a portion of the mic rosomes into a single pel let . The mitochon­
dr ia a re then extracted from this sediinent by 5.75% mannitol (about 0,3 M). 

It seems to us that any tendency toward increased fragility of 
mitochondria would be great ly enhanced by this p rocedure . In contras t , 
our technique, employing 0.25 M sucrose and avoiding the use of solutes 
such as KCl that would cause agglutination, is considerably less t r auma t i c . 
It was our experience a few yea r s ago that the damage to l iver mitochon­
dr ia produced by feeding carbon te t rachlor ide was considerably magnified 
when the l iver was mashed before homogenization. 

Thus it is possible that the re are subtle, t r ans i to ry changes 
produced in miitochondrial s t ruc ture after i r radia t ion , possibly mediated 
through the endocrines,!^) which are not made evident by our techniques, 
but which are intensified by the more t r aumat ic procedure of Noyes and 
Smith. 

We are cur rent ly studying spontaneous swelling of mitochondria 
isolated from l ivers of i r rad ia ted and uni r radia ted r a t s . As yet, the data 
a r e too f ragmentary to pe rmi t us to draw any conclusions. 
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STUDIES ON THE EFFECTS OF DEUTERIUM OXIDE 

IX. The Effects of Various Hormones and Vitamins on the 
Survival of Mice Maintained at 

Toxic Levels of D2O 

D. M, Czajka, J. J . Katz* and A. J. Finkel 

Abundant evidence exists that m a m m a l s can survive deuterat ion to 
the extent of 25% in the body fluids, but that replacement of more than one-
third of the hydrogen in the body fluids leads to death. The exper iments 
descr ibed here were undertaken to a sce r t a in whether the susceptibil i ty of 
mammals to deuter ium could be substantial ly a l te red . We have examined 
the effects of a number of hormones and vi tamins for possible effects on 
the ability of mice to survive toxic concentrat ions of deuter ium in the body 
fluids. P re l imina ry resu l t s indicate that cer ta in of these substances do in 
fact substantially enhance the survival of mice under these conditions. 

Methods 

Fully adult CF No. 1 female mice were used in all the exper iments . 
Four s e r i e s of mice that were maintained on 75% deuter ium oxide drinking 
water received in t raper i toneal or subcutaneous injections of various sub­
s tances . These injections were begun on the fourth day of deuterat ion and 
continued daily, except as noted, for the life of the animial. F r o m other 
experiixients, it was known that the animals would have reached approxi­
mately b5% of the normal ly lethal t i ssue concentrat ion (over 35%) in 
four days,!-'-) 

Because the median survival t imes of control and t rea ted groups 
were very s i ini lar when the animals drank 75% DgO, the substances that 
appeared to inc rease survival were tes ted again under l ess s t ressful con­
ditions, i .e . , 50% deuter ium oxide drinking water . Because of the lower 
D2O concentrat ion in the drinking water , 2 additional days a re requi red to 
reach 65% of the normal ly lethal concentrat ion.! 1) Consequently, these 
animals were not injected until the sixth day, and the injections were con­
tinued at least until the median survival t ime was establ ished. 

Doses (see Tables 23 and 24) of var ious substances were calcu­
lated from established human doses with the exception of the Aldactone, 
which was calculated from the dose given to rats.** The water -soluble 
vitamins were p repa red with dist i l led water so that each mouse received 
0.15 ml /day in t raper i toneal ly . 

*Chemistry Division 

*Manufacturer 's information 
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TABLE 23 

Results of experiments on mice maintained on 75% 
deuterium oxide drinking water 

Group 

Control 
ACTH 
Cortisone acetate 
Vitamin B mixture' 

Control 
Aldactone"' 
Thyroprotein 

Control 
Desoxycorticosterone 
acetate 

TSHt 
Calcium gluconate 

Control 
Parathyroid hormone 
Dihydrotachysterol 
Vitamin D2 

No. of 
mice 

12 
10 
10 
10 

12 
10 
10 

10 

10 
10 
10 

15 
15 
15 
15 

Dose 

_ 
0.3 USP units/kg 
5 mg/kg 
0.15 ml/mouse 

. 
1.65 mg/kg 
1.785 X 10-2 mg/kg 

. 

0.001 mg/mouse 
0.1 USP unit/kg 
2 mg/mouse (4 days) 
1 mg/mouse (remainder) 

.. 
0.1 units/mouse 
9.37 X 10"^ mg/mouse 
20 units/mouse 

Method of 
administration 

_ 
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 

-
Subcutaneous 
Intraperitoneal 

-

Subcutaneous 
Intraperitoneal 
intraperitoneal 

_ 
Intraperitoneal 
Subcutaneous 
Subcutaneous 

Frequency of 
injection 

. 
Daily 
Daily 
Daily 

-
Daily 
Daily 

-

Daily 
Daily 
Daily 

_ ? 

Daily 
Every 3rd day 
Every 3rd day 

Median survival 
time, days 

9 
10 
9 

11 

10 
9 

12 

10 

10 
11 
13 

13 
12 
11 
15 

•'Each ml contained the following: 2 mg thiamine; 0.066 mg ritwflavin; 2 mg nicotinamide; O.S mg pantothenic 
acid; 2/ig B12; and crude liver extract. 

•"Supplied through the courtesy of G. D. Searle and Company, 

t lhyro id stimulating hormone. 

TABLE 24 

Results of experiments on mice maintained on 50% 
deuterium oxide drinking water 

Group 

Control 
Thyroprotein 
Vitamin B mixture 

Control 

B12 
Thiamine Bi 
Riboflavin 83 
Pyridoxine B^ 
Vitamin B mixture-

Control 
Pantothenic acid 
Calcium gluconate 
Nicotinamide 
Ascorbic acid 

No. of 
mice 

20 
15 
15 

10 
10 
10 
10 
10 
10 

16 
18 
18 
18 
18 

Dose 

-
1.786x10-2 mg/kg 
0.15 ml/mouse 

Saline 
0.3/i.g/mouse 
0.3 mg/mouse 
0.099 mg'mouse 
0.15 mg/mouse 
0.15 ml/mouse 

-
0.075 mg/mouse 
1 mg/mouse 
0.75 mg/mouse 
0.15 mg/mouse 

Method of 
administration 

-
Intraperitoneal 
Intraperitoneal 

Intraperitoneal 
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 

-
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 

Frequency of 
injection 

_ 
Daily 
Daily 

Daily 
Daily 
Daily 
Daily 
Daily 
Dijiiy 

. 
Daily 
Daily 
Daily 
Daily 

Median survival 
time, days 

21 
34 
61 

14 
35 
36 
37 
42 
44 

20 
19 
29 
33 
38 

'•Each ml contained the following: 2 mg thiamine; 0.066 mg riboflavin; 2mg nicotinamide; 0.8 mg 
pantothenic acid; 2/i.g B12 and crude liver extract. 
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Vitamin D2, dihydrotachysterol , and desoxycor t icosterone acetate were 
dissolved in se same oil and injected subcutaneously in a volume not g rea te r 
than 0.05 m l / m o u s e / d a y . Aldactone was dissolved in Mazola oil and in­
jected in the same volume. Various hormones were injected on a mg/kg 
or uni ts /kg bas i s . 

Liver samples for deuter ium analysis were obtained from recent ly 
dead mice whenever poss ible . Urine samples were obtained from the f i rs t 
group of mice drinking 50% D2O. The samples were analyzed for deuter ium 
content by methods of infrared spectrophotometry.! '^) 

Results 

Table 23 gives the number of animals , adminis tered dose, method 
of administrat ion, frequency of injection and median survival t imes for 
the animals maintained on 75% DjO. None of these groups was able to 
maintain its s tar t ing body weight. In spite of supportive therapy, the mice 
sti l l showed the typical symptoms of high-level deuterat ion: loss of weight, 
b lephar i t i s , lack of grooming, convulsions and eventual lenticular c a t a r a c t s . 

When data from the f i rs t two groups of mice indicated that some 
beneficial effects were obtained from thyroprotein and vitamin B mix ture , 
these ma te r i a l s were re tes ted on animals maintained on 50% DjO drinking 
water . Here the vitamin B mixture proved to be m o r e effective in 
prolonging the l ives of the animals than did the thyroprotein (Table 24). 

Before it became apparent that maintaining animals on 75% DjO 
was too s t ressful , two additional groups were s tar ted (Table 23). These 
t r i a l s showed that calcium gluconate, TSH, and Vitamiin D2 have some 
effect in counteracting the toxic effects produced by D2O. 

Table 24 gives the adminis tered dose, method and frequency of 
adminis t ra t ion and median survival t imes for the aninnals inaintained on 
50% deuterium oxide. Again none of the groups was able to maintain i ts 
s tar t ing weight. When the t r ea tmen t appeared to help the an imals , they 
seemed to be ca lmer and bet ter groomed although many sti l l exhibited 
convulsive s e i zu re s . 

The deuterium analysis of urine samples taken from the f i rs t group 
maintained on 50% DgO showed no differences between the control mice and 
the experimental an imals . All of the surviving animals in this group were 
sacrif iced at 62 days and showed no differences in the aimount of dist i l lable 
deuterium in the various t i s s u e s . There was also no difference in the amount 
of disti l lable deuterium in the l iver samples obtained from recent ly deceased 
an imals . 
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With longer survival of the mice as a resu l t of various supportive 
t r ea tmen t s , the re was an increase in the number of lenticular ca ta rac t s 
seen. Many of these animals appeared to be gross ly healthy except for 
complete bl indness . 

Discussion 

It appears from the resu l t s shown in Table 23 and par t icular ly in 
Table 24 that severa l of the agents tes ted have a marked effect on the 
median survival t ime . These a re thyroprotein, vitamin B mixture , 
vitamin B12, thiamine, riboflavin, and pyridoxine, calcium gluconate, 
nicotinamide, ascorbic acid and vitamin K. A vitamin B mixture appeared 
more efficacious than any single known vitamin constituent. The other 
ma te r i a l s that were tested appeared to have little effect. The substances 
that have the most pronounced effect a re the water-soluble vitamins of the 
B group and thyroglobulin. The mechan isms by which these substances 
enable the mice to survive is completely unknown and may, in fact, be 
re la ted to the ability to survive on a reduced intake of water . It does 
appear, however, that the animals receiving the effective agents do s u r ­
vive for distinctly longer periods of t ime at deuter ium concentrations 
that a re lethal in controls . 
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STUDIES ON THE EFFECTS OF DEUTERIUM OXIDE 

X, Clinical Course of Deuterium Intoxication in Dogs 

D, M, Czajka, A. J. Finkel , C. S. F i s che r ,* J. J. Katz** 
and B. M. Van Dolah* 

All previous work to determine the effects of deuter ium oxide on 
mammals has been done on smal l an imals . The re su l t s obtained from 
such exper iments on mice and ra t s strongly suggested that a number of 
points could be checked only by working with a l a rge r m a m m a l . We have, 
therefore , c a r r i ed out a p re l iminary investigation of the effects of deu­
te r ium on dogs. The beagles used in this work are the l a rges t animal to 
have been deuterated as far as we know, and a number of observat ions 
have now been made that r a i se new and interes t ing questions on the physi ­
ological effects of deuter ium. 

Methods 

The dogs used in this study were purebred, adult, miale beagles . 
During the control period, the dogs were maintained on drinking water 
consisting of 50% disti l led and 50% tap wa te r . The dogs received dry 
commerc ia l dog food moistened with beef soup that had been previously 
diluted with an equal amount of disti l led water . The amounts of water and 
food consumed were measu red daily, 

Deuteration of the f i rs t dog (A19E) was effected by replacing the 
distil led water with deuter ium oxide in both food and drink. After three 
days the dog refused to eat, became nervous and appeared general ly i l l . 
Despite at tempts to maintain his intake of the mixture of deuterated food, 
the dog did not eat well and after 11 days was maintained on regular dog 
food, receiving deuter ium only in his drinking water . After 23 days, the 
concentration of the deuter ium in the drinking water was changed to 60%, 
and after 43 days the concentration was ra ised to 75%, After 51 days, the 
dog was re turned to regular water , and the course of recovery was observed. 

The second dog (A23A) was also s ta r ted on 50% deuter ium oxide 
drinking water . After 6^ days, the deuter ium concentrat ion was increased 
to 75%, at which level it remained for a further 5-f- days . The dog was 
maintained on the dry food plus beef soup plus deuteriuin oxide miixture 
for the whole per iod. This dog was found dead on the morning of the 13th 
day. 

* Health Division 

**Chemistry Division 
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All blood samples were drawn from the external jugular vein with 
the animals in a fasting s ta te . Blood samples were drawn twice a week 
while the animals were on deuter ium oxide intake; samples were taken from 
dog A19E only once weekly after the animal was re turned to regular water . 
The following blood tes t s were run on both animals : hemoglobin, hematocr i t , 
red blood count, white blood and differential count, sedimentation ra te , non­
protein nitrogen (NPN),\ ' s e rum glucose,i^) blood u r e a nitrogen (BUN),i-^' 
se rum total cholesterol and cholesterol es te r s , ' * ) se rum glutamic pyruvic 
t r ansaminase (SGP-T),w) and deuterium content,(^) In addition, serum 
sodium,! ' / po tass ium,! ' ) and chloride(^) were measured on the f i rs t dog, 
and ret iculocyte counts and se rum glutamic oxalacetic transamiinase 
(SGO-T)!"' concentrat ions were measured on the second dog. 

After a p re l imina ry training period, e lec t rocard iograms were 
taken with the unanesthetized dog lying on his right s ide . Standard limb 
leads , aVR, aVL, aVF, plus four chest leads were taken each t ime . The 
chest leads were positioned in accordance with the recommendat ions of 
Lombard and Witham,11^) i ,e . , V| and V2 2 cm from the midline at the 
level of the 4th in tercos ta l space; Vg, in the same plane at the midaxi l lary 
l ine, and V4 midway between V2 and V^. 

An attempt was made to collect 24-hr urine samples on dog A19E, 
but the resu l t s were inconclusive because the animal retained urine until 
after it was re leased from the naetabolism cage. 

Motion pic tures of both animals were taken to record the general 
condition and appearance of the animal and any possible neuromuscular 
or behavioral changes resul t ing from deuterat ion. 

Dog A23A was autopsied and t i ssues were fixed in Zenker-formol 
solution. Tissue samples were taken for deuter ium analys is . The cyto-
logical resul t s of the examination of the t es t i s and epididymis from this 
animal a re repor ted elsewhere.!^ ^) 

Results 

Dog A19E reached a peak se rum deuterium concentration (24.8%) 
on the seventh day. F r o m day 7 to day 17, the deuterium concentration of 
the se rum dropped to 18.2% and remained within 2% of this level for the 
remainder of the t ime that he was maintained on deuter ium oxide. The 
fluid intake of the dog var ied from day to day, and the amounts consumed 
were always l e s s than those during the predeutera t ion per iod. For a 
month after re tu rn to regular water , the dog never consumed as much 
as it had pr ior to deuterat ion. 
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By the 45th day of deuteration, the hemoglobin, hematocr i t and 
red blood count of dog A19E dropped from mean control values of 16.9, 
54, and 7.14 million to 10.9, 35.5 and 4.21 mill ion, respect ively . Thir ty-
seven days after re turn to regular water these values were 16.7, 56, and 
5.86 million, and after 91 days, 17.8, 58 and 8.13 mill ion. The white 
blood count showed two peaks of 21,000 (at days 17 and 28) but otherwise 
remained within the predeuterat ion range of 8,b00 to 14,000. The differ­
ential count showed an increased number of polyinorphonuclear leucocytes 
and a decreased number of lymphocytes as deuteration p rogressed . The 
sedii-nentation ra te showed two peak values, 19 and 45, when the white 
count was above norinal . The second peak was reached on day 28, and 
although the values dropped steadily, they did not re turn to normal until 
after the dog had been on regular water 28 days. The serum glucose 
showed an i r r egu la r downward trend with a low of 79 mg %. The NPN, 
BUN, sodium, potassium and chloride values fluctuated within normal 
l imits during the course of the experiment . The total cholesterol con­
centrat ion dropped from the control range of 254 to 292 mg/lOO ml to 
148 on the 36th day of deuteration. The cholesterol e s t e r s remained 
within normal l imits , with the exception of the value obtained on the 38th 
day, at which t ime it was more than twice the control value. Fur ther 
details are given in Table 25. 

TAB! E 25 

Clinical iaboratotv data on dog AWE 

Pre-'leuteration 
control ran^e 

1 
3 
7 

iu 
13 
17 

DavsD.aintainpd 2i 
or D2Oingestion 2S 

31 
36 
38 
43 
45 
AQ 

2 

Days after ^ 
return to }} 
ordinarysater ^' 

37 
91 

Sed 
rate, 

mm/hr 

'J.5 
1.0 

1 
I 
0 
0 
fl 

19 
10 
45 
35 
20 

23 
12 
12 
5 

13 
8 
3 
3 
0 
0 
1.5 

RBC 
millions 

d.;5-
7.73 

7 12 
7.15 

6.5? 
fj.ib 
b.n 
•i.fVt 

5.23 
4.,'8 
3.48 
4.57 

4.26 
4.53 
.121 

',.7) 

5.41 

5.26 
4.90 
5.35 
5.83 
5.86 
8.13 

fflBC 

8,603-
14,000 

11,900 
8,300 
8,200 
«,6llU 

8,300 
20,7f] 
1 2 , 3 0 J 

21,000 
18,500 
12,450 
13 600 
10,900 
12,700 
13 300 

12,600 
12,800 
11,600 
9 600 

11,200 

8,500 
10,701 

H'jb 
g% 

15.2-
17.b 

16.1 

16.2 
16.3 
16 5 

13.9 
13.3 
12.8 

11.1 
I P . 
11.3 

11.0 
11,4 
10.9 

115 

U.7 
11.8 
13.5 
15.3 
15.3 
16.7 
17.& 

Herat . 

50-
58 

51 

52 
53 
3i 

49 
44 
49 
38 

37 
38 
38 
37 
35.5 
38 

37 
37 
42 
49 
52 

56 
58 

NPN 
mg"" 

25.8-

34.5 

J 
26.7 

30.6 
38.0 
?6.9 
3?.i 
a .6 

30.S 
40.7 
35.7 
26.0 
27.9 
29.6 
32.5 
312 

27.0 
20.9 
24.6 
23.3 
25.8 
20.6 

-

BUN 
iTig". 

1L6-
33.0 

18.6 
19.5 
19.8 
I0.O 
18.4 

14.0 
21.0 
17.2 
18.S 
20,0 
18.1 
16.1 
19.5 
21.3 

18.1 
17.3 
18.5 
16.0 
21.5 
17.6 
20.5 

Serum 
glucose 

mg" 

95-
106 

101 

106 
90.5 
87 
87 
S5 

111 
94.5 
79 

109 
91 
94 

86 
93 

95 
96 

104 
115 
86 

104 

107 

Serur 

Na, 
meq'liter 

136-
145 

145 

152 
143 
133 
149 
144 

148 
147 
161 
149 
147 
147 

146 
147 

-
144 

-
142 

-
145 

-

Serum 

K, 
meq'liter 

4.2-
4.6 

4,3 
4.0 
4.2 
4.9 
4.3 
3.7 

3.7 
3.Q 

4.0 
4.8 
39 
4.4 
4.2 
4.4 

-
4.6 

-
4.5 

-
4.4 

-

Serum 

CI, 
meq,'liter 

115-
122 

115 

112 
104 
lU 
104 
107 

120 
97 
97 

110 
110 
104 
107 
106 

-
106 

-
UO 

-
112 

' 

Serum cniles-
teroi R g 100 nl 

Tota 

254-
292 

250 

280 
282 
235 
223 
290 

194 
218 
200 
148 
190 
186 
162 
160 

151 

180 

201 

m 
202 
240 

250 

Esters 

36-
61 

47 

46 
50 
29 
36 
39 

40 
35 
28 
22 

120 
64 
30 
24 

30 

27 

37 
36 

31 
33 

78 
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Due to the sudden dea th of the second dog (A23A) only a few 
c l i n i c a l d a t a a r e a v a i l a b l e (Tab le 26) . The hemog lob in , r e d blood count , 
S G P - T , S G O - T , and c h o l e s t e r o l r e m a i n e d wi th in n o r m a l l i m i t s d u r i n g the 
12 d a y s of d e u t e r a t i o n . The h e m a t o c r i t , N P N and BUN w e r e e l e v a t e d . 
The WBC w a s be low n o r m a l on day 4, but r e t u r n e d to n o r m a l by day 10. 
Aga in the d i f f e r en t i a l count showed an i n c r e a s e d n u m b e r of p o l y m o r p h o ­
n u c l e a r l e u c o c y t e s and a d e c r e a s e d n u m b e r of l y m p h o c y t e s . The g l u c o s e 
c o n c e n t r a t i o n d r o p p e d r a p i d l y and r e a c h e d a m i n i m u m va lue of 66.5 m g % 
on the 10th day . The d e u t e r i u m con ten t of the s e r u m w a s 20% on day 4, 
25.6% on day 7, 35.5% on day 10 and 33% pos t m o r t e m . The dog did not 
show any g r o s s p a t h o l o g i c a l c h a n g e s at a u t o p s y . M i c r o s c o p i c e x a m i n a t i o n 
of the t i s s u e s h a s no t b e e n c o m p l e t e d at t h i s t i m e . 

T A B L E 26 

C l i n i c a l l a b o r a t o r y d a t a on dog A23A 

DgO in s e r u m , % 
Hemioglobin 
H e m a t o c r i t 
R B C , m i l l i o n s 
WBC 

Di f f e r en t i a l 
P o l y s . 
L y m p h s . 
E o s i n . 
M o n o s . 
S t a b s . 

Sed . r a t e , m m / h r 
R e t i c u l o c y t e count 
BUN, m g % 
N P N , m g % 
S e r u m g l u c o s e , 

m g % 
S G O - T * 
S G P - T * * 
C h o l e s t e r o l , 

t o t a l 

C o n t r o l 
r a n g e 

»-

12-14 
4 2 - 4 6 
5 .18 -6 .48 
10 ,200-11 ,500 

5 2 - 7 8 
13 -34 
2 -9 
2 -5 
2 - 4 
3-18 
0 . 5 - 1 . 1 
13-18 
2 2 - 3 1 

93 -124 
32-132 
34-122 

300-366 

Days on Dj 

4 

20.0 
14.2 
48 

5.81 
6,300 

61 
26 

7 
4 
2 
0.5 
0.7 

12.5 
21 .3 

89 
16 
29 

280 

7 

25.6 
14.5 
52 

5.42 
7,100 

70 
20 

6 
2 
2 
0 
-

13.3 
27.9 

71 
-
-

322 

O 

10 

35.2 
14.7 
54 

5.59 
11,200 

83 
9 
1 
3 
4 
0 
0.2 

18.5 
33.5 

66.5 
24 
37 

282 

A r b i t r a r y u n i t s a s def ined in R e f e r e n c e 9 

^ A r b i t r a r y u n i t s a s def ined in R e f e r e n c e 5 
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The e lec t rocard iograms of both animals showed myocardia l changes 
that were s imi lar to those produced by hypothyroidism or hypocalcemia. 
After seven days on deuter ium, dog A19E showed inverted T waves in leads 
1 and aVL. The same t racing also revealed peaked T waves in leads 2, 
3, V4, Y(, and aVF. After 10 days, the P wave was diphasic and inverted in 
lead 3j T was now coved upward in lead 1, and the ST segment was e le ­
vated in V|, V2, V4 and V^. On the 24th day, the changes were not as p r o ­
nounced; T wave inversion in leads 2, 3, and aVF was not as deep and the 
secondary T in Vj was now upright . By the 45th day, the t racing was 
s imi lar to predeutera t ion e l ec t roca rd iog rams . Thus the myocardia l 
changes appear to be fully r eve r s ib l e . 

Similar changes were noted with dog A23A, and both dogs showed 
a modera te bradycard ia relat ive to the control predeutera t ion t r ac ings . 
The QT interval increased somewhat in the f i rs t dog, with a maximum at 
the 14th day, while in dog A23A, it increased fairly steadily with duration 
of deuteration to a maximum in the last t rac ing on the 12th day. 

The motion p ic tures of the dogs revealed muscular weakness which 
was par t icular ly apparent in the hind legs of dog A19E. Usually the dog 
was very animated and would jump against the enc losure | however, after 
deuteration, the dog would drop down as if unable to bear the weight on the 
hind l imbs . Only after much urging could the animal be induced to walk 
around the enc losure . Muscular t r e m o r s were not observed in the f i rs t 
dog, but were very obvious in the second during the two days p r io r to 
death. Although dog A23A died unobserved, the condition of the animal 
suggested the possibi l i ty that death occur red during a convulsive se izure . 

Discussion and Summary 

Although the two dogs were maintained in a highly deuterated state 
under different conditions, s imi lar changes were produced in each. The 
most notable of these findings were unal tered white blood cell counts with 
relat ive lymphopenia and increase in polymorphonuclear leucocytes , 
hypoglycemia related to the degree of deuter ium level in the body, e l ec t ro ­
cardiographic changes indicative of myocardia l abnormali ty, and genera l ­
ized muscular weakness . The second dog died too quickly for other changes 
to manifest themse lves . In the f i rs t dog, the changes included the delayed 
drop in total se rum choles terol and the elevation in sedimentation r a t e . 
On the other hand, the elevated NPN, BUN and hematocr i t seen in the 
second dog may have been related to the hemoconcentrat ion result ing from 
rapid and toxic deuterat ion. Fur ther studies a re contemplated to clarify 
the nature of the clinical changes at sublethal levels of deuter ium intoxica­
tion in dogs. The nature of the resu l t s repor ted he r e , which in the aggregate 
could only have been seen on a large animal , strongly confirms the d e s i r ­
ability of large animal studies in this field. 
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STUDIES ON THE EFFECTS OF DEUTERIUM OXIDE 

XL Effects of Antitumor Drugs on Asci tes Tumors in Deuterated Mice 

A. J. Finkel , D. M. Czajka, and J. J . Katz* 

In 1933 F i s c h e r ( l ) repor ted that mouse carc inoma cel ls were 
unable to grow when the deuterium concentration was above 50%. Barbour 
and AUenl"^) observed that the growth of t ransplanted lymphosarcoma and 
m a m m a r y carc inoma was slower in mice drinking 40% deuter ium oxide 
than in mice drinking ordinary water . Recently, we repor ted that the 
growth of Krebs-2A asc i tes tumor was depres sed by the p resence of 
deuterium oxide in the body fluids in concentrat ions ranging from 13 to 
32%,W/ However, the most effective carcinolyt ic level was also lethal 
to the host animal . These resu l t s led to an exploration of the effects of 
therapy with known ant i - tumor drugs combined with lower, nontoxic levels 
of deuteriuin oxide. 

Mater ia ls and Methods 

CF No, 1 young adult female mice were used in all of these exper i ­
ments . They were maintained on 30% D2O drinking water for 7 days p r io r 
to inoculation with lO''' Krebs-2A asc i tes tumor ce l l s . All solutions of 
chemotherapeutic agents were p repared in dist i l led water in concentrat ions 
such that the animals received 0,01 m l / g body weight by in t raper i toneal 
injection, Measurennents of tumor growth were made either according to 
the quantitative naethods developed by Patt et al.,(4) or by following weight 
gain and survival . 

Results and Discussion 

In the f i rs t experiment with 5-fluorouracil , 6 groups of 15 animals 
each were used. Three of the groups were kept on 30% DjO in the drinking 
water for 7 days pr ior to inoculation with asc i tes tumor ce l l s , and 3 groups 
drank tap water . Intraperi toneal injections of ei ther 6.25 or 12 mg/kg 
5-fluorouracil were given on the second, thi rd , fourth, and fifth days after 
tumor inoculation. Control groups, deuterated and nondeuterated, were not 
injected after inoculation. Five animals from each group were sacrif iced 
on the th i rd , sixth and ninth days after tumor inoculation. Consequently, 
animals were sacrif iced 1 day after a single injection, and 1 and 4 days 
after 4 injections. 

*Chemist ry Division 
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Table 27 gives the resu l t s of this experiment . Both levels of 
5-fluorouracil were effective in lowering the growth ra te of the asc i tes 
tumor in animals maintained on ordinary water . There were some dif­
ferences in the total tumor cell populations of the deuterated and non­
deuterated mice receiving the f luorouraci l injections but the differences 
were smal l and not ent irely consistent . The deuterium oxide alone de ­
p re s sed the tumor growth ra te when compared to untreated control 
t u m o r s , a finding noted previously.l^) 

Because of these r e su l t s , in the next experiments we decided to 
allow an additional day for the tuinor to become well established before the 
s e r i e s of 4 daily injections were begun, and lower dose ra tes of f luorouracil 
were used. The animals were again sacrif iced 1 day after a single injection, 
and 1 and 4 days after 4 injections, i .e . , on the fourth, seventh, and tenth 
days after inoculation. Table 28 gives the combined resu l t s of two se ts of 
exper iments . It was found that injections of 6 mg/kg of 5-fluorouracil 
were effective in lowering the growth ra te whether or not the animals had 
been drinking deuter ium oxide. Moreover, at this dose level, the mean 
tumor cell population in the deuterated mice averaged roughly 50% of 
that of the nondeuterated mice at the fourth and seventh days after in­
oculation. However, only one animal survived in each group to the 
tenth day. 

Table 27 

Effect of 5-fluorouracil and deuterium oxide on 
Krebs-2A asci tes tumor growth in mice 

H 2 0 

D 2 0 

Fluorourac i l 
mg/kg 

0 

6,25 

12.5 

0 

6.25 

12.5 

Mean total cell 
population (1 x 10^) 

Day 3 

92.49 

54.97 

41.62 

94.63 

35,12 

42.31 

Day 6 

604.30 

213,45 

72.14 

335,16 

94.05 

63.83 

Day 9 

626.92 

115.43 

57.07 

221.05 

142.99 

55,79 



TABLE 28 

Effect of 5-fluorouracil and deuterium oxide on 
Krebs-2A asci tes tumor growth in inice 

Dr ink ing 
w a t e r 

H2O 

30% DjO 

5 - f l u o r o u r a c i l , 
m g / k g 

0 

2 

3 

6 

0 

2 

3 

6 

Day 4 

No. of 
m i c e 

10 

5 

5 

5 

10 

5 

5 

5 

Mean 
AFV* 
(ml) 

1.88 

1.43 

1.48 

2.43 

1.77 

1.04 

1.90 

1.68 

Mean 
T C P * * 
(1x10^) 

262.64 

263.16 

157.50 

203,85 

195.64 

148.16 

127.93 

113.45 

Day 7 

No. of 
m i c e 

10 

5 

5 

5 

10 

5 

5 

5 

Mean 
A F V * 
(ml) 

3.94 

4.49 

5.12 

2.82 

3.02 

2.57 

3.23 

2.32 

Mean 
T C P * * 
(1x10^) 

920.61 

596.98 

317.48 

77.70 

307.38 

294.73 

49.41 

37.60 

Day 10 

No. of 
m i c e 

8 

5 

0 

5 

6 

5 

1 

1 

Mean 
A F V * 
(ml) 

13.04 

12.06 

3.42 

8.94 

7.32 

0.63 

0.64 

Mean 
T C P * * 
(1x10^) 

1100,70 

962.37 

1.64 

565.35 

441.98 

0.22 

0.22 

*AFV = asci t ic fluid volume (cell-free) 

**TCP = total cell population 



132 

At the next lower level, 3 mg/kg , there was a g rea te r differential 
effect on tumor growth when fluorouracil was used in conjunction with 
deuterium oxide, but most of the surviving mice died between the seventh 
and tenth days . At sti l l lower levels , 2 mg/kg, f luorouracil alone was 
only slightly effective in suppressing tumor growth when compared with 
that in untreated mice , but the presence of deuterium in the body fluids 
enhanced this effect so that an appreciable depression of tumor growth 
occurred along with fairly good survival of the host an imals . 

In order to study the survival pat terns in these mice , an additional 
s e r i e s of four groups of ten mice each was followed along with the s a c r i ­
fice se r i e s that received 2 mg/kg fluorouracil on 4 successive days . 
This dose was injected into tumor-bear ing mice that were maintained on 
ordinary water alone or on 30% deuterium oxide. Appropriate untreated 
control groups were also followed. Weight gain and median survival 
t ime are plotted in Figure 50. The ar rows indicate the median survival 
t ime for each group. Survival was poorest ( l4-day median) among mice 
maintained on ordinary drinking water , with or without fluorouracil 
injections. Survival was grea tes t (28-day median) among animals drink­
ing 30% heavy water , and was somewhat less among deuterated mice in­
jected with fluorouracil (24-day median). Peak weight gain occurred at 
the 18th to 20th day after inoculation and was greates t in mice receiving 
DjO alone. Weight gain was least in mice receiving low level injections 
of fluorouracil alone. 

f i S 

10 IS 20 i § 30 

DAYS AFTER TUMOR INOCULATION 
35 

Figure 50. Mean weight gain and median survival time (shown by arrows) for mice 
inoculated with Krebs-2A ascites tumor; 5-fluorouracil, 2 mg/kg in­
jected intraperitoneally on third, fourth, fifth and sixth days after 
tumor inoculation. 
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In the foregoing exper iments , the 5-fluorouracil was injected for 
four successive days shortly after tumor inoculation. In o rder to a s s e s s 
the effects of prolonged t rea tment with injections of smal l amounts of this 
compound, an additional experiment was designed in which Z mg/kg was 
given intraperi toneal ly daily for 10 days start ing with the third day after 
tumor inoculation. F igure 51 i l lus t ra tes the weight gain and survival data 
from this experiment . Median survival t ime was greates t (23 days) with 
30% DgO alone, and slightly less (19 days) among the untreated mice 
drinking ordinary water , F luorourac i l - t rea ted animals , whether deuterated 
or not, had identical median survival t imes (13 days), but the non- tumor-
bearing mice were unaffected by this level of chemotherapy, with or svithout 
deuter ium. In the tumor-inoculated mice , repeated fluorouracil injections 
iTiarkedly suppressed weight gain and, by inference, tumor growth. Up to the 
time when 50%of the mice were dead, this effect appeared to be slightly g rea te r 
in deuterated animals ; it cannot be considered dependable beyond this point. 

m s 

X 

2 
u 
» 
z 
S 

+25 

+ gO -

+ 15 -

o +10 

+ S -

1 ' 

"" 
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1 

1 
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/ ^ 

p\ 
1 

1 l -

/ / 
AM 
f 

:2̂  ^ > -

1 1 

1 1 1 

/ with Ascites Tumor _J 

K HgO 

+ 30 % DgO 

A HgO + 5FU{gmg/kg) j 

A 3 0 % DgO + 5 F U ( 2 m g / l t f l ) 

Without Ascites Tumor | 

® HgO + 5FUC2mg/k9) 

^ O DaO + 5FU{2mg/kgj J 

1 1 1 
10 15 20 25 

DAYS AFTER INOCULATION 

30 

Figure 51. Mean weight gam and median survival time (shown by arrows) for mice 
inoculated with Krebs-2A ascites tumor and for non-tumor control loicc; 
5-fluorouracil, 2 mg/kg, injected intraperitoneally daily for 10 days 
starting with 3rd day after tumor inoculation. 

It appears that otherwise nontoxic levels of f luorouracil can have 
profound effects in suppressing Krebs-ZA asci tes tumor growth in mice . 
While this effect may be enhanced by pr ior or concomitant deuteration of 
the organism, the combined action leads to the death of the host ea r l i e r 
than it would otherwise occur . It is possible that this resul t may be the 
consequence of accumulation of breakdown products from tumor cells that 
have been damaged by the deuterium and f luorouracil . On the other hand, 
tumor growth may lag in these animals because general metabolic activit ies 
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may be slowed as a resu l t of par t ia l replacement of hydrogen by deuterium 
in the body fluids, so that neither the host nor the tumor can be maintained. 
In this case , tumor growth is controlled but the host succumbs. 

Similar resul t s were obtained with 6-mercaptopurine, which was 
injected intraperi toneal ly into mice at a dose level of 5 mg/kg on the 
third, fourth, fifth, and sixth days after tumor inoculation. The weight 
gain data a re i l lus t ra ted in Figure 52. Weight gain was not affected by 
deuteration alone, nor by this level of mercaptopurine alone, but was 
markedly suppressed by the administrat ion of mercaptopurine to deu­
te ra ted tumor-bear ing nnice. However, in the lat ter case , median survival 
t ime was 12 days,while in the other groups it was beyond 26 days, 

+ 20 

f i O -

2 ^* 
9 

1 

^ 

1 A ^ 

1 1 

1 1 1 

/ 
^ A H,0 

M^ a 30% DgO 

y X HgO + 5mg/kg 6 MP 

O 30% DgO + 5mg/ka 6 MP 

I I I 1 
© 6 10 15 20 

DAYS AFTER TUMOR INOCULATION 

Figure 52. Mean weight gain and median survival time (shown by arrow) for mice 
inoculated with Ktebs-2A ascites tumor; 6-mercaptopurine, 5 mg/kg 
injected intraperitoneally on third, fourth, fifth and sixth days after 
tumor inoculation. 

These experinnents with 5-fluorouracil and with 6-mercaptopurine 
indicate that an enhancement of antitumor activity can be accomplished 
when par t ia l deuteration of the organism accompanies the administrat ion 
of the drug. Deuteration in these experiinents has been at a level which 
per _se is nontoxic for mice ,w) and the drugs have been studied at dose 
levels that a re largely ineffective in themselves . It would appear that 
deuterium, through the action of the m a s s isotope effect, somehow affects 
metabolism so that the effects of antitumor compounds are a l tered. These 
pre l iminary resul ts with combined therapy appear to be sufficiently 
promising to warrant further attention. 
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Miss Betty Van Dolah, Health Division, provided valuable technical 
ass is tance in connection with tumor cell counts. 
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EFFECTS OF DEUTERIUM ON SOME ENZYMATIC REACTIONS 

J. F . Thomson, D. A. Bray* and F . K. White 

Although it is highly improbable that the toxic action of deuter ium 
in mammal s can be ascr ibed to an interference with any one mechanism, it 
is never the less of in te res t to survey a number of representa t ive biochemical 
react ions in vivo and in v i t ro . We have previously repor ted a number of 
studies on the effect of DgO and other deuterium compounds on enzymes.!^"5} 
This communication r ep re sen t s a continuation of these exper iments . 

Methods 

Rat l iver was used as the source of ca ta lase , u r i c a s e , and t rypto­
phan p y r r o l a s e . A mal ic dehydrogenase prepara t ion was given to us by 
Dr . Robert W, Swick, who obtained it from an extract of Propionibacter ium 
shermani i by ammonium sulfate and acid t r ea tmen t . The react ion was 
followed by measur ing the disappearance of DPNH (or DPND) during the 
reduction of oxalacetate to ma la te . DPND was p repared by reduction of 
DPN by hydrosulfite in DgO, and was isolated as the bar ium sa l t . The 
DPNH used in these exper iments was s imi la r ly p repared in HgO. 

Results 

Cata lase . Increasing the concentration of DgO in the incubation 
mixture caused a vir tual ly l inear dec rease in the ra te of decomposition 
of pe rbora t e . In 95% DgO, the activity was 73% of that observed under 
control conditions. This dec rease is slightly l ess than that repor ted by 
Shibata and Watanabe,!") whose data indicate that the init ial ra te of decom­
position of hydrogen peroxide was decreased to 64% of the control value 
in 99% DgO. In 30% DgO, the maximum concentrat ion obtainable in vivo 
for m a m m a l s , the re was l ess than 10% inhibition. 

Ur icase . Three different concentrat ions of DgO were tes ted in 
these exper iments . No effect was observed with 30% DgO; the re was 
5% inhibition in 60% DgO, and 20% inhibition in 94% DgO. In these exper i ­
men t s , the assays were c a r r i e d out at severa l pH values , and the activit ies 
at optiinum pH (or pD) were used for compar ison. Maximum activity in 
HgO was observed at pH 9.4; in 95% DgO, the buffer in which maximum 
activity was observed gave a reading of pH 9.7. 

Tryptophan p y r r o l a s e . DgO had very little effect on tryptophan 
p y r r o l a s e . In one exper iment , a 25% inhibition was observed; however, 
we were unable to confirm this observat ion in th ree subsequent a s says , 
finding only an 8 to 10% inhibition in 98% DgO. 

-"Argonne Semester Student (Associated Colleges of the Midwest) from Lawrence College, Appleton, Wisconsin 
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Malic D e h y d r o g e n a s e . In the c a s e of th i s e n z y m e we w e r e ab le to 
s tudy both so lven t effects and s u b s t r a t e ( coenzyme) effects of d e u t e r a t i o n . 
Under condi t ions of m a x i m u m ac t iv i ty , the subs t i t u t i on of DPND for DPNH 
or of DjO for HgO inhib i ted the r e a c t i o n about 30%; subs t i t u t i on of both 
DPND and DgO c a u s e d o v e r 50% inh ib i t ion . 

We have a l so s tud ied the r e a c t i o n at d i f fe ren t c o n c e n t r a t i o n s of 
c o e n z y m e , keep ing the o x a l a c e t a t e c o n c e n t r a t i o n at s a t u r a t i o n l e v e l . A 
L i n e w e a v e r - B u r k plot of t h e s e da t a is shown in F i g u r e 5 3 . Tab le 29 shows 
the M i c h a e l i s c o n s t a n t s (K) and the m a x i m u m v e l o c i t i e s (Vj-^) of the r e a c ­
t ions wi th DPNH and DPND in HgO and DgO. The u s e of DgO as a so lven t 
c a u s e d an i n c r e a s e in the M i c h a e l i s c o n s t a n t s and a d e c r e a s e in the m a x i ­
m u m v e l o c i t i e s for both DPNH and DPND. On the o t h e r hand , the s u b s t i ­
tu t ion of DPND for DPNH d e c r e a s e d the v a l u e s of both K and Vm in bo th 
s o l v e n t s . 

40 I 1 , 1 1 1 1 1 1—I 

I I I I I I I I L 

0 1 2 3 4 5 S 7 8 
l/S (liters X 10*/mol8) 

Figure 53. Estimation of Michaelis constant and maximum 
velocity for malic dehydrogenase-DPNH, with 
DPNH and DPND as coenzymes, in H2O and in 
D2O. S is the concentration of coenzyme and 
V is the reaction velocity. 
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T A B L E 29 

M i c h a e l i s c o n s t a n t s and max innum v e l o c i t i e s for 
m a l i c d e h y d r o g e n a s e 

C o e n z y m e 

D P N H 

D P N D 

D P N H 

D P N D 

Solvent 

HgO 

DgO 

DgO 

HgO 

K 
( i x l O - ^ M ) 

1.22 

1.42 

2.29 

0.71 

( f i M / m i n / m g N) 

9.78 

4.78 

6.95 

6,70 

D i s c u s s i o n 

In t h e c a s e of c a t a l a s e i t i s i m p o s s i b l e to s e p a r a t e the so lven t 
e f fec ts of d e u t e r i u m f r o m the s u b s t r a t e ef fects s i nce d e u t e r i u m r e a d i l y 
e x c h a n g e s wi th h y d r o g e n p e r o x i d e l i b e r a t e d f r o m s o d i u m p e r b o r a t e , the 
s u b s t r a t e u s e d in t h i s a s s a y . F o r u r i c a s e and t r y p t o p h a n p y r r o l a s e , how­
e v e r , t h e r e i s r e l a t i v e l y l i t t l e effect of DgO a s a so lven t , even at v e r y h igh 
c o n c e n t r a t i o n s . It c a n t h u s be p r e s u m e d tha t any s t e p s in t h e s e r e a c t i o n s 
involv ing w a t e r a r e not r a t e - l i m i t i n g . 

With r e g a r d to the s t u d i e s on m a l i c d e h y d r o g e n a s e , i t shou ld be 
po in t ed out t ha t t he D P N D u s e d in t h e s e e x p e r i m e n t s w a s not s t e r e o s p e c i -
f i ca l ly l a b e l e d , and a c t u a l l y r e p r e s e n t e d a m i x t u r e of t h e ct- and /3-DPND 
s t e r e o i s o m e r s . T h u s the i s o t o p e effects d e s c r i b e d h e r e r e p r e s e n t a 
m i x t u r e of p r i m a r y e f fec t s ( r u p t u r e of C -D bond) and s e c o n d a r y effects 
( r u p t u r e of a C - H bond in a m o l e c u l e con ta in ing d e u t e r i u m in a n o n r e a c t i n g 
p o s i t i o n ) . We in tend to p r e p a r e bo th ct- and /3-DPND, and s h a l l r e p e a t 
t h e s e e x p e r i m e n t s wi th the i nd iv idua l s t e r e o i s o m e r s . It should a l s o be 
p o s s i b l e to p r e p a r e 4 , 4 - d g - D P N H (DPNDg), wi th bo th h y d r o g e n s in the 
4 - p o s i t i o n of the r e d u c e d p y r i d i n e r i n g r e p l a c e d by d e u t e r i u m , so tha t 
bo th p r i m a r y and s e c o n d a r y ef fec ts wi l l o c c u r in e a c h m o l e c u l e of 
c o e n z y m e p a r t i c i p a t i n g in the r e a c t i o n . 
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EFFECT OF D2O ON PLASMA VISCOSITY AND 
ERYTHROCYTE FRAGILITY 

J. F , Thomson, F . K. White, and D. A. Bray* 

Feeding D2O to r a t s causes a depress ion of renal function, both 
the glomerular fi l tration ra te and the renal plasma flow decreas ing to 
40% of the control values.(•'•) Since these changes occur without signif­
icant morphologic or metabolic a l terat ion, and since they are readily 
revers ib le upon res tora t ion of HgO to the animal, the effect of DjO was 
considered to be indirect , possibly reflecting changes in adrenal act iv­
ity. Another possible explanation, however, would be an increased 
viscosi ty of the blood as a resul t of replacement of H2O by the more 
viscous D2O, To tes t this possibil i ty we have studied the viscosi ty of 
p lasma obtained from ra t s drinking D2O, In this same experiment we 
have also measu red the osmotic fragility of ery throcytes obtained from 
the same an imals . 

Methods 

Feinale Sprague-Dawley r a t s , four months old, were given DgO ad 
libitum as a 50% solution in tap water . The ra t s were weighed twice a 
week, and samples of ur ine were collected once a week for D2O analyses.^ 

P la sma viscosi ty was measu red with Ostwald v i scos imete r s of 
1-ml capacity. All measure inen ts were made at 25,0°C. P la sma protein 
was determined by ness le r iza t ion of an H2SO4-H2O2 digest of a 10- or 
20-/ i l sample . 

Osmotic fragility was measured by adding 0.05-ml aliquots of 
whole blood or washed cells resuspended in isotonic saline to a se r i e s of 
tubes containing 6 nnl of varying concentrat ions of sodium chloride 
(0.22 to 0.70%). After standing for 1 hr at 25°C, the tubes were cen t r i -
fuged, and the degree of hemolysis was determined by color imet r ic e s t i ­
mation of hemoglobin in the supernatant . In each experiment the 
concentration of sodium chloride at which 50% hemolysis occur red was 
determined; this value we call the HC50. Fragi l i ty studies on red cells 
of deuterated ra t s were c a r r i e d out in 30% D2O, 

*Argonne Semester Student (Associated Colleges of the Midwest) 
from Lawrence College, Appleton, Wisconsin, 

**Analyses for deuter ium were ca r r i ed out by Dr . Henry L. Crespi 
and his a s s i s t an t s , Chemist ry Division, 
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R e s u l t s 

M o r t a l i t y . The f i r s t dea th o c c u r r e d on t h e 18th day of d e u t e r a t i o n , 
and du r ing the n e x t 9 days 6 m o r e r a t s d ied , a l l of the r a t s dying with 26 
to 34% of t h e i r body f lu ids r e p l a c e d by D2O. The e ighth r a t w a s r e t u r n e d 
to o r d i n a r y d r i n k i n g w a t e r a f t e r 28 d a y s , and a p p a r e n t l y h a s m a d e a c o m ­
p l e t e r e c o v e r y , even though i t s body weight had d r o p p e d f r o m 240 to 188 g. 
The a v e r a g e weigh t l o s s of the d e u t e r a t e d r a t s w a s 26 g, w h e r e a s the c o n ­
t r o l s ga ined 12 g d u r i n g the p e r i o d of the e x p e r i m e n t . 

P l a s m a V i s c o s i t y . T h e r e w a s a p r o g r e s s i v e d e c r e a s e in p l a s m a 
v i s c o s i t y d u r i n g the c o u r s e of d e u t e r a t i o n ; t h i s d e c r e a s e w a s a s s o c i a t e d 
wi th l o s s of p l a s m a p r o t e i n (Tab le 30). F i g u r e 54 shows the r e l a t i o n s h i p 
b e t w e e n v i s c o s i t y and p r o t e i n c o n c e n t r a t i o n of t h e p l a s m a s a m p l e s e x ­
a m i n e d in t h i s e x p e r i m e n t . The so l id l ine i n d i c a t e s v a l u e s o b t a i n e d by 
p r e p a r i n g v a r i o u s d i lu t ions of a s a m p l e of n o r m a l r a t p l a s m a wi th i s o t o n i c 
s a l i n e . It i s c l e a r t ha t the s u b s t i t u t i o n of s o m e of the H2O by D2O had a 
neg l ig ib l e effect on the v i s c o s i t y . 

O s m o t i c F r a g i l i t y . T h e r e was l i t t l e effect of D2O e i t h e r in vivo 
o^ IE v i t r o on the h e m o l y s i s of r a t e r y t h r o c y t e s . F o r 8 blood s a m p l e s 
t a k e n b e t w e e n t h e 24th and 28th days of d e u t e r a t i o n ( a v e r a g e u r i n a r y D2O 
c o n c e n t r a t i o n of 30,8%), the HC50 w a s 0.463 + 0.012%, in c o n t r a s t to the 
c o n t r o l a v e r a g e (11 r a t s ) of 0.457 + 0 .005%. The effect of 99% DgO in 
v i t r o was equa l ly n e g l i g i b l e , the HCso's d i f fe r ing f r o m the v a l u e s in H2O 
by only 0.004% N a C l . 

T A B L E 30 

Effect of D2O on v i s c o s i t y and p r o t e i n c o n c e n t r a t i o n of r a t p l a s m a 

Days 
on D2O 

0 

14-17 

24 

27 

U r i n a r y 
D2O, % 

-

24,1 

30.8 

>31 

No. 
r a t s 

8 

8** 

4** 

1 

R e l a t i v e 
v i s c o s i t y * 

1.71 + 0.02 

1.60 t 0,01 

1.56 + 0,01 

1.53 

P l a s m a 
p r o t e i n * 

7.33 + 0.22 

6,88 + 0.45 

6,21 + 0 .03 

5.50 

* A v e r a g e s and s t a n d a r d d e v i a t i o n s 

• • V i s c o s i t i e s w e r e m e a s u r e d on poo led p a i r s of s a m p l e s ; t h u s the 
d a t a for 14 -17 days r e p r e s e n t four m e a s u r e m e n t s , t h o s e for 24 days 
two m e a s u r e m e n t s . 
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Figure 54. Correlation of viscosity and protein concentration 
of rat plasma. Circles, control rats; triangles, 
rats fed D2O. 

Discussion 

It is c lear that the changes in kidney function observed in deuterated 
ra t s cannot be attributable to an increased viscosity of the blood; any in­
c rease caused by D2O itself is more than offset by the marked decrease 
result ing from loss of p lasma protein. 

Perhaps it is not surpr is ing that there was no effect of deuteration 
on erythrocyte fragility. Since there is apparently a complete cessat ion 
of erythrocyte production in r a t s drinking 50% D2O for snore than 
10 days,i'^) there is little possibil i ty of incorporation of deuterium into 
non-exchangeable positions in the erythrocyte . The studies with D2O 
in vitro showed no effect of exchangeable deuterium on fragility, so that 
only the influence of aging could possibly be important in these studies. 
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ENERGY TRANSFER IN PHOTODYNAMIC ACTION* 

D. E. Smith, Leonida Santamaria** 
and Bernard Smaller • 

Although considerable information is available on the gross aspects 
of the photodynamic phenoinenon,vl) few data re la te to the detai ls of the 
events s tar t ing with the absorption of radiant energy by the sens i t izer and 
ending with the oxidation of the biological subs t r a t e . Prominent among the 
suggestions for the formation of in te rmedia tes to account for this t ransfe r 
of energy have been the excitation of the sens i t izer to the t r ip le t state and 
the react ion of the excited sens i t izer with oxygen to form a peroxide or a 
biradical.vl ' '^) Actual data have been obtained in phosphorescence,(-^j 
paramagnet ic susceptibility("i) and flash photolysis studies,l^) however, and 
these show that t r ip le t s ta tes a re produced when var ious sens i t i ze r s a r e 
i r rad ia ted with visible light. 

The p resen t study is concerned with the application of e lec t ron 
spin resonance spectroscopy to a model sys tem of photodynamic action in 
an attempt to determine whether free radica ls might constitute some of the 
in termedia tes in the t rans fe r of energy in photosensi t ized oxidation. 

Methods 

The model sys tem used consisted of hematoporphyrin (sensi t izer) 
(1.2 X 10"^ M) and human blood se rum (substrate) (1:3) in phosphate buffer 
at pH 7.3. The solutions to be i r rad ia ted and m e a s u r e d in the microwave 
spec t romete r were contained in Pyrex tubes of 3 mim inside d iamete r . A 
h igh -p re s su re m e r c u r y a rc was used as a light source , the light passing 
through four 1-mm layers of Py rex glass before reaching the sample . 
I r radia t ions were ca r r i ed out with the solutions held at -20° C or at 
-196°C, In all ins tances the samples were quickly t r a n s f e r r e d at the end 
of the i r rad ia t ion to a Dewar flask containing liquid ni t rogen. 

Elect ron spin resonance studies were c a r r i e d out using a 9,000 Mc 
electron paramagnet ic resonance instruinent equipped with a lock-in phase-
sensit ive detection system such that the second derivat ive of the microwave 
absorption was recorded . Measurements were made with the samples at 
the t empera tu re of liquid ni t rogen. 

*Presen ted at the Syinposium on F r e e Radicals in Biological Sys tems, 
March 21-23, I960. 

**Resident Resea rch Associate froin the Universi ty of Milan, Italy 

'Solid State Science Division, Argonne National Labora to ry . 
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In some exper iments the reducing agents cysteine or ascorbic acid 
were added to the sys tem in concentrat ions of 1.2 x 10"^ _M pr ior to i r r ad i a ­
tion. In other instances the gas content of the samples was a l tered pr ior to 
i r rad ia t ion by degassing to high vacuum and regassing with helium or ni t r ic 
oxide. 

Results 

The resu l t s of the exper iments in which the i r rad ia t ions were 
ca r r i ed out at -20°C a re summar ized in Table 31. In no case were e l ec ­
t ron spin resonance signals observed in the absence of i r rad ia t ion . After 
i r radia t ion , signals were obtained only from solutions containing hema­
toporphyrin. Signals were absent in solutions of hematoporphyrin to 
which either cysteine or ascorbic acid was added, and they were reduced 
by two- th i rds in samples to which se rum was added pr ior to i r rad ia t ion . 
They were also absent in solutions of hematoporphyrin and buffer that 
had been degassed to high vacuum or that had been degassed and r egassed 
with helium or n i t r ic oxide. 

No signals were obtained from solutions of hematoporphyrin 
i r rad ia ted at 23''C; signals p resen t in solutions i r rad ia ted at -20''C d i s ­
appeared when the samples were warmed to 23°C. 

TABLE 31 

Elect ron spin resonance study of i r rad ia ted 
hematoporphyrin solutions 

Solution 

Buffer 

Buffer + se rum 

Buffer + hematoporphyrin 

Buffer + hematoporphyrin + ascorbic acid 

Buffer + hematoporphyrin + cysteine 

Buffer + hematoporphyrin + se rum 

Radical yield, % 

-20°C 

0 

0 

0.86 

0 

0 

0.18 

-196°C 

0 

0 

0,24 

0,24 

0.30 

0.40 

The re su l t s of the exper iments in which the i r rad ia t ions were 
c a r r i e d out with the samples at liquid ni trogen t empera tu re s a re also 
summar ized in Table 31. It is apparent that a signal appears in hema­
toporphyrin solutions i r rad ia ted at the low t empera tu re and that this 
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s igna l is not inf luenced by the addi t ion of c y s t e i n e , a s c o r b i c ac id o r 
s e r u m p r i o r to i r r a d i a t i o n . M o r e o v e r , d e g a s s i n g of the s a m p l e s to h igh 
vacuum or r e p l a c e m e n t of the o r d i n a r y a t m o s p h e r e by he l i um or n i t r i c 
oxide p r i o r to i r r a d i a t i o n was fol lowed by e l e c t r o n sp in s i g n a l s of the 
s a m e c h a r a c t e r as t h o s e u n d e r o r d i n a r y a t m o s p h e r e . 

The s i g n a l s ob ta ined f r o m the s a m p l e s i r r a d i a t e d at -196°C w e r e 
about one-ha l f the s i z e of t h o s e f rom the -20°C i r r a d i a t i o n s . In addi t ion 
the s igna l s f rom the i r r a d i a t i o n s at the two t e m p e r a t u r e e x t r e m e s w e r e 
of quite d i f fe ren t c h a r a c t e r wi th r e s p e c t to the l e v e l s of m i c r o w a v e power 
at which they b e c a m e s a t u r a t e d , ind ica t ing tha t they w e r e d e r i v e d f rom 
di f ferent m o l e c u l a r s p e c i e s ( F i g u r e 55). 

- 2 0 % 

2 

o 
m 

Figure 55 

Comparison of ESR signals of the irradiated -196°C and -20 C 
systems with respect to dependence on microwave power. Line 
widtii: -196°C - 8 gauss and -20OC = 6 gauss, g =2.003 ± . 001 
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It s e e m s c l e a r t h a t t h e e l e c t r o n s p i n r e s o n a n c e s i g n a l s r e c o r d e d 
f r o m t h e s o l u t i o n s i n t h e p r e s e n t e x p e r i m e n t s a r i s e o n l y a s a r e s u l t of 
i r r a d i a t i o n a n d c o m e o n l y f r o m h e m a t o p o r p h y r i n . I t a p p e a r s t h a t t h e 
s i g n a l s a r i s e f r o m f r e e r a d i c a l s of h e m a t o p o r p h y r i n . 

T h e s i m i l a r i t y b e t w e e n t h e c o n d i t i o n s i n f l u e n c i n g s i g n a l p r o d u c t i o n 
i n t h e - 2 0 ° C e x p e r i m e n t s a n d t h o s e i n f l u e n c i n g t h e c o u r s e of p h o t o d y n a m i c 
a c t i o n a r e s t r i k i n g a n d s u g g e s t t h a t t h e - 2 0 ° C s t a t e a l l o w s t h e o p e r a t i o n of 
a u s e f u l m o d e l s y s t e m of p h o t o d y n a m i c a c t i o n . T h u s , s i g n a l s a r e p r o ­
d u c e d , a n d p h o t o d y n a m i c a c t i o n p r o c e e d s o n l y i n t h e p r e s e n c e of o x y g e n , 
a n d b o t h p r o c e s s e s a r e i n h i b i t e d w h e n a s c o r b i c a c i d o r c y s t e i n e i s i n t r o ­
d u c e d i n t o t h e s y s t e m . We i n t e r p r e t t h e o x y g e n d e p e n d e n c e of t h e s i g n a l 
t o i n d i c a t e t h e p r e s e n c e of a f r e e r a d i c a l c o n s i s t i n g of Sonne k i n d of a n 
a s s o c i a t i o n b e t w e e n h e m a t o p o r p h y r i n a n d o x y g e n ( o x y r a d i c a l ) . T h e 



failure to detect signals in the presence of ascorbic acid or cysteine is 
thought to be due to interact ion between the reducing agent and the radical , 
the resu l t of which is the loss of paramagnet ic cha rac te r i s t i c s of the sys tem. 

The accumulation of radica ls in measurab le amounts may be readily 
explained in t e r m s of decreased possibi l i t ies for react ion of radicals with 
other components of the system in the physical state at -20®C. The ex­
planation of the resu l t s with cysteine, ascorbic acid and se rum is not so 
obvious, but it appears that the -20°C state does allow interact ion between 
these substances and radica ls of hematoporphyrin. The resu l t s of the 
-196°C exper iments , however, indicate that interact ions between the 
cr i t ica l components of the system a re not possible in the physical state 
existing at this t e m p e r a t u r e . That the physical state of the system is an 
important factor was indicated in p re l iminary exper iments in which the 
solvent was a l te red . Thus, signal production was markedly decreased 
when glycerol was present in 10% concentration in the usual system 
i r rad ia ted at -20°C, When glycerol alone was used as the solvent, a s ig­
nal s imi lar to that of the usual -196°C exper iments with respec t to m i c r o ­
wave power dependence appeared after i r radia t ion at -20°C. 

It was noted above that severa l l ines of investigation have shown 
that substances capable of photosensitizing oxidation are excited to the 
t r ip le t state upon i r rad ia t ion . It is proposed that in the present -20°C 
exper iments , heinatoporphyrin in the t r ip le t s tate can combine with oxy­
gen to form an oxyradical which may then reac t with the subst ra te 
according to the following scheme: 

S + h v - ^ ^ S 

3s + 0 2 - * S 0 0 -

SOO- + X ~ * X 0 2 + S 
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TYPES OF CHROMOSOME BREAKS PRODUCED BY COLCHICINE 
AND X-RAY IN COLLINSIA HETEROPHYLLA 

E. D. Garber* 

Seeds and apical m e r i s t e m s of seedlings of Collinsia heterophyl la , 
family Scrophular iaceae , were t rea ted with colchicine in aqueous solution 
or lanolin. Plants with an interchange complex, the resu l t of a r ec ip roca l 
t ranslocat ion of te rmina l segments of non-homologous ch romosomes , were 
obtained in the progeny of self-pollinated surv ivors of the colchicine t r e a t ­
ment . The complex in each of 1 7 independent cases occur red as a ring or 
chain of four chromosomies or as two bivalents . Also, the frequency of pol­
len mother cells with the a l ternate or adjacent configuration at metaphase I 
was approxiinately equal. 

Seedlings at the pre-bud stage were i r r ad ia t ed with 50, 307, or 
1,000 r (X-ray) . Plants with an interchange complex were obtained in the 
progeny of self-poll inated su rv ivor s ; 4 plants had a complex of 4 c h r o m o -
soraes and one plant, 6 ch romosomes . A major i ty of the pollen mother cel ls 
had a ring complex, and the chain complex was noted in approximately 20% 
of the pollen mother ce l l s ; no cells displayed bivalents . One complex of 
4 chromosomes occur red as an a l te rna te or adjacent configuration at m e t a ­
phase I with approximately equal frequency. The other coinplexes occur red 
more frequently (ca. 85-90%) as an a l te rna te configuration. 

The differences between rec ip roca l t rans locat ions resul t ing from 
colchicine t rea tment or i r rad ia t ion a r e significant and indicate, probably, 
a difference in the site of chromosome breakage . It has been possible to 
propose an explanation, uSing the following observat ion and assumpt ions : 

1. The chromosomes of C_. heterophylla have only one chiasma in 
each a r m (fact). 

2. Chiasma formation is r e s t r i c t ed to a segment of unknown length 
and s i te , probably the t e rmina l portion of the a r m (assumption). 

3. Chromosome breaks produced by colchicine a r e r e s t r i c t e d to 
the ch iasma-forming segment; b reaks produced by i r rad ia t ion 
need not be r e s t r i c t e d to the ch iasma or non-ch iasma-forming 
segments (assumption). Since 4 of the 5 interchange complexes 
showed a d i rec ted orientat ion at metaphase I, it i s possible that 
the non-ch iasma-forming segment is much longer than the 
ch iasma-forming one or that the non-ch iasma-forming segment 
is more easi ly affected by i r rad ia t ion . 

* Department of Botany, The Universi ty of Chicago. Work was begun 
while the author was a Resident Resea rch Assoc ia te , March- June , 1959. 
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These observat ions and their explanation provide a bas is for explor­
ing the chromosomes of this species in t e r m s of their response to i r radia t ion 
with different ionizing sources and to chemical mutagens which a re rad iomi-
met ic . Other potent chemical mutagens may also be included in the program. 
Although such an effort would entail considerable routine work, plants of this 
species a r e easi ly grown in re la t ively large numbers . F u r t h e r m o r e , the 
chromosomes a re sufficiently few in number (n = 7) and reasonably large so 
that they may be studied under high dry magnification to permi t re lat ively 
rapid screening for the p resence of an interchange complex. 

Current work is concerned with the production of interchange com­
plexes in four other species of Collinsia by exposing dry seed to X-ray 
dosages of 10, 15, 20, and 30 x lO'' r . The result ing data will provide a basis 
to determine if the observat ions recorded for C. heterophylla a r e peculiar to 
this spec ies . 
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THE INTRACELLULAR DISTRIBUTION 
OF PHYTOCHROME IN CORN SEEDLINGS 

S. A. Gordon 

A major advance in the field of photomorphogenesis is the recent 
isolation of the red- far red revers ib le pigment phytochrome.l^ ' This pig­
ment protein was salted out from alkaline corn-seedl ing ex t rac t s that had 
been centrifuged at 140k x g. Such sedimentation cha rac t e r i s t i c s suggest 
that the complex is par t of the soluble proteins of the cytoplasm. 

We have found, however, that the phosphorylative capacity of Avena 
mitochondria is changed by red and by f a r - r e d i r rad ia t ion of the plant. '^z 
These two radiation bands also reve rs ib ly a l te r the phosphorylative capaci ty 
of isolated animal mitochondria.(2) Phytoclirome would thus appear to occur 
as a mitochondrial component. Since knowledge of the location of phyto-
chrome in the cell could be a clue to the locus and na ture of its action, the 
in t race l lu lar distr ibution of the pigment complex was invest igated. 

Etiolated corn seedl ings, 3 days old, were d i spersed in an isotonic 
medium. The var ious in t race l lu la r components indicated in Table 32 were 
separa ted by differential centrifugation. Each fraction was lysed, centrifuged 
at 140 k X g, and the phytochrome precipi ta ted by 0.33 saturat ion with 
(NH4)2S04 . The prec ip i ta tes were repept ized in the buffered medium and 
i r rad ia ted with ei ther red or f a r - r e d light. 

TABLE 32 

Red-far red absorbancy differences [A(AA)] of phytochrome from 
in t race l lu la r fractions of the corn seedling 

Centrifugation 

10', 100 X g 

Supernatant 

10', 1000 X g 

10', 4,500 X g 

30' , 17,000 X g 

30 ' , 105,000 X g 

i 
Supernatant 

Descript ion 

"Whole d i spers ion" 

P la s t id s , nuclei 
wall f ragments 

P l a s t i d s , nuclei 

Mitochondria 

A'licrosomal 

Soluble protein 

(AA655 -AA735) X 10^ 

FR vs R 

40 

-5 

8 

28 

1 

12 

R vs FR 

-41 

0 

-6 

-55 

-4 

-15 

FR vs R 

35 

2 

9 

27 

3 

11 
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Organelles of plant cells in tergrade in size and density, w/ and the 
fractions in Table 32 a r e to be in terpre ted as "containing," or "predominantly 
composed of," the par t icula tes indicated. Intact nuclei were detected by the 
ace t ic -orce in technique.(4) Mitochondrial prepara t ions were positive to 
Janus green; they were also able to ester ify ADP to ATP,^2 ' a phosphoryla­
tive capacity vir tual ly absent in the microsojnal prepara t ion . Each disrupted 
cel lular fraction was assayed for phytochrome by using difference spec t ro ­
photometry. We assume that phytochrome is a protein complex of re la t ively 
low molecular weight that is readi ly peptized at neut ra l pH. 

Tungsten filament lamps and interference f i l ters in monochromators 
pat terned after Withrow'sl^) designs were the sources of red and f a r - r e d 
radiat ion. The f a r - r ed filter had a t r ansmiss ion of 50% at 735 m/i, with no 
radiat ion being detectable below 690 m/i in a Gary model I IM spectrophotom­
e te r . The red filter t r ansmi t t ed 75% at 655 mjj,, 0.2% above 700 m/i, and cut 
off at 610 and 780 m/i. Incident energies were adjusted by varying the lamp 
voltage to yield 11 e r g s / m m ^ / s e c at the red and 31 e r g s / m m / s e c at the far -
red locus . Absorbancies of the i r r ad ia ted solutions were determined in the 
Gary spectrophotometer using expanded s ca l e s . To maximize the differences 
between rela t ively low-order absorbanc ies , the phytochrome prepara t ions 
were exposed to two spec t ra l bands simultaneously. They were then rapidly 
compared against each other in the spect rophotometer . This procedure also 
permi t ted automatic duplication in r e v e r s a l exper iments . A dim green "safe 
l ight" with cut-offs at 500 and 550 mfi was used when requi red in the period 
between i r rad ia t ion and determinat ion of absorbancy differences. 

Results and Discussion 

Initially the method descr ibed by Butler et al.^^ f for the isolation of 
phytochrome from corn seedlings was repeated . The prepara t ion obtained 
showed a A(AA6g5 " ^^735) of about 23 x 10"^. This is well over the value of 
5 X 10"^ that, with our ins t rumentat ion, is the minimal value for significance, 
and co r robora t e s the findings of the Beltsvil le group. Accordingly, their 
procedure was modified to the procedure descr ibed above in o rder to m e a s ­
ure the concentrat ion of phytochrome in recognized organelle groupings. 
Table 32 gives the absorbancy differences measu red after exposure of the 
var ious in t race l lu la r fractions to red and f a r - r ed radiat ion. It is evident 
that phytochrome integr i ty is to a l a rge extent re tained during the fract ion­
ation p rocedure . This is demonst ra ted by the A A at the two wavelengths, as 
well as the revers ib i l i ty of the sys tem. More significantly, the distr ibution 
of activity shows that the pigment complex was found both in the "soluble" 
protein fraction of the cytoplasm and in the mitochondrial fraction. The 
phytochrome concentrat ion in the mitochondria was approximately double 
that found for the soluble fraction. 
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It i s possible that phytochrome inoves from the soluble cytoplasmic 
sys tems into organelle associat ion when the pH is nonalkaline during f r ac ­
tionation. Alternatively, we would suggest that the alkaline conditions under 
which organelle integr i t ies a r e not re ta ined, and which a r e known to l ibe ra te 
proteins from bound complexes , ' " ) could very well free phytochrome from an 
organelle associat ion. Several responses to red and far red a r e consis tent 
with or support the in terpre ta t ion of an in vivo associat ion of phytochrome 
with mitochondria . These a r e ATP generat ion by mitochondria from i r r a d i -
ated Avena seedlings,(2) phosphorylation by i r rad ia ted l iver mitochondria,(2) 
and the activation of phosphate ester if icat ion in lettuce seed.!''') The response 
of let tuce seed can be co r re l a t ed with the photomorphogenic effects of the red 
spec t ra l region on germinat ion. 

Summary 

Int racel lu lar fractions of the corn seedlings were obtained by differ­
ential centrifugation. These were analyzed for phytochrome. The pigment 
protein was found assoc ia ted with mitochondria as well as in the nonpar t icu-
late fraction. This associat ion is d iscussed briefly in re la t ion to the control 
of phosphorylation by red and f a r - r e d radia t ion. 
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A NEW PATHWAY OF AUXIN BIOGENESIS 

S. A. Gordon and L. G. Paleg 

The radiosensi t iv i ty of auxin biogenesis in the plant has emphasized 
the lack of exact knowledge about the b iochemis t ry involved. It is quite 
probable that the endogenous auxin of hormonal function in the plant is indo-
leacet ic acid (lAA), with tryptophan serving as i ts p r i m a r y p r e c u r s o r . How­
ever , evaluation of lAA biosynthesis in vi t ro is impeded by the low yields 
usually obtained. We found that the addition of cer ta in phenols to the enzy­
mat ic medium resul ted in 10-fold inc reases in lAA concentrat ion. This led 
to the discovery of what appears to be a new pathway for biosynthesis of the 
auxin: the degradation of tryptophan to lAA via polyphenolase s y s t e m s . 
More specifically, dihydroxy phenols a re oxidized to thei r quinones; the 
quinones deaminate tryptophan to indolepyruvic acid, which in turn breaks 
down to lAA. Exper iments upon which this pathway is postulated a r e sum­
m a r i z e d below. 

1 . With ei ther fresh or lyophilized enzyme prepara t ions of the oat 
coleoptile, or of the seedling of the sunflower or mung bean, the conversion 
of tryptophan to lAA is enhanced 10 to 30 t imes in the presence of catechol. 

2. This enhancement is not caused by a reduction in lAA inact iva-
tion; the addition of catechol to the enzyme in suitable miedia has no effect 
on the recovery of auxin added to the medium. 

3. Other phenols can rep lace catechol, with s imi la r o r d e r s of 
act ivi ty: 3-ni t rocatechol , protocatechuic , caffeic and chlorogenic acids , 
and phenole; pyrogallol and DOPA a re l e s s act ive; ty ros ine , resorc ino l and 
o-nitrophenol a r e inact ive. The vicinal dihydroxyphenol s t ruc ture is appar ­
ently requi red since only such phenols (or compounds readi ly converted to 
that s t ruc ture) possess appreciable activity, 

4. So-called " s t ruc tu ra l " phenolase inhib i tors , n i t ro-monophenols , 
do not inhibit the action of ei ther catechol or phenole on tryptophan. How­
ever , 2,4-dinitrophenol in equimolar concentration does inhibit. 

5. Auxin formation by the catechol sys tem is inhibited by reducing 
and chelating agents - s trongly by ascorba te cysteine and DIECA, weakly by 
EDTA and o-phenanthrol ine, and not by a ,a-dipyridyl or azide. 

6. The action of the mung bean enzyme in the tryptophan-catechol 
sys tem can be replaced by mushroom ty ros inase . A polyphenolase function 
of the mung bean enzyme may be infer red . 
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7. A polyphenolase action of the enzyme would use O2 as an acceptor 
and form a quinone as the f irs t product. We find that the action of the enzyme-
catechol sys tem is inhibited in an Ng a tmosphere , and that the fornnation of 
lAA from tryptophan can also be accomplished by contact of the amino acid 
with e thereal solutions of freshly synthesized o- and p-benzoquinone. 

8. A defined model sys tem for the conversion of tryptophan to lAA 
was achieved. Catechol was allowed to reac t with proline in the p resence of 
fer r icyanide . The reddish pigment so produced formed lAA upon the subse­
quent addition of tryptophan. 

9. The likelihood that indoleacetaldehyde is an in te rmedia te in the 
degradation of tryptophan to lAA by the catechol sys tem was explored. 
a) We find that lAA is not produced when t ryptamine is added to the ca techol-
catecholase sys tem, b) Indoleacetaldehyde was synthesized and added to the 
catecholase sys tem. No lAA was formed, c) The aldehyde-specif ic reagent 
dimedone was added to the t ryptophan-catechol catecholase mix tu re . No ef­
fect on the yield of lAA was apparent . It may be concluded that indoleaceta l ­
dehyde is not an in termedia te in this path of auxin synthes is . 

10. Since t ryptamine and indoleacetaldehyde were apparent ly not 
in te rmedia tes , the oxidation of tryptophan via the keto acid route was then 
considered. Crystal l ine indole-3-pyruvic acid, synthesized in this Division 
by J. H. Pomeroy and C. Craig, was chromatographed in an alkaline solvent 
sys tem. Pa ra l l e l runs were made of the acid fraction of the t ryptophan-
catechol incubation mix ture . Five of the decomposition spots cha rac t e r i s t i c 
of indolepyruvate were found on the chromatograms of the t ryptophan-
catechol react ion. 

The above evidence that the keto acid is an in te rmedia te m the phenol­
ic degradation of tryptophan was strengthened by the following exper iment . 
Tryptophan-3-C was used as a subs t ra te for the ca techol -ca techolase s y s ­
t em. Its acid plus neut ra l fraction was passed through a cel lulose coluinn, 
with a para l le l column of the synthetic indolepyruvate as a miarker. The 
solvent was removed from the appropr ia te eluate of the C - labeled incuba­
tion mix ture . After the addition of unlabeled crys ta l l ine indolepyruvic acid 
to the res idue , the mixture was converted to the p-ni t rophenylhydrazone. 
This was r ec rys t a l i zed four t i m e s . The las t th ree crys ta l l ine products had 
a constant specific activity. 

We consider that the above s e r i e s of observat ions on lAA formation 
a r e consistent with the mechanisms now proposed for the oxidative deamina-
tion of amino acids by the phenolase complex.(1) Briefly, o-dihydroxyphenols 
a r e oxidized by phenolase to the corresponding o-quinone. Where molecular 
oxygen is the acceptor , low H'^ concentrat ions promote the reac t ion r a t e . The 
quinone condenses spontaneously with amino acids to form a p-subs t i tu ted 
reddish pigment of the amino quinone c l a s s . This p r i m a r y condensation 
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product r eac t s again with free amino acid to form the o-quinonimine as a 
second condensation product. The quinonimine spontaneously r e a r r a n g e s , 
hydrol izes and reoxidizes ; in this p rocess a keto acid is l ibera ted , p re sum­
ably from the o-bound amino acid. If tryptophan is the amino acid, we have 
shown that the keto acid is probably indolepyruvate. This keto acid is un­
stable and breaks down spontaneously in solution to lAA. 

Does the preceding scheme represen t the pathway of normal auxin 
biogenesis? It is relevant that the distr ibution of biological activity on 
chromatograms of the acid fraction from the react ion of tryptophan and the 
mung bean enzyrae is qualitatively s imi lar to the distr ibution obtained from 
the react ion of tryptophan, catechol, and enzyme. However, the above path­
way may not be followed in normal t i ssue because of the following two 
considerat ions . 

F i r s t , there a r e indications that the phenolases of plants a r e a s soc i ­
ated with ce l lu lar pa r t i cu la tes . ' 2 / Yet it has been shown(3) that none of the 
essent ia l ly intact cell organel les produce lAA from tryptophan in the absence 
of catechol; such activity is a "soluble" component of the cytoplasm. Though 
the above considerat ions can hard ly be thought of as convincing evidence, it is 
highly probable that the phenols and phenoloxidases a r e spatial ly separated 
in intact ce l l s . The tryptophan-phenolase-phenol react ion could thus be con­
s idered as a latent, potentially operative mechanism for auxin formation in 
the plant. It may be suggested that lysis occurr ing upon the wounding of plant 
t i s sue , a p roces s wherein activation of the phenolase complex takes place, 
produces abnormal quantities of growth hormone via the phenol-tryptophan 
reac t ion . Callus and gall formation could be histogenic consequences of such 
hyperauxiny, and there would be no need to postulate the function of a second 
wound hormone such as t raumat in in the morphogenesis of wound regenerat ion. 

Second, responses to ionizing radiation indicate a nonfunction of this 
phenolase action in normal t i s s u e s . Normal auxin biogenesis is highly sens i ­
tive in vivo to X- and 7- rad ia t ion . This radiosensi t iv i ty is rapidly manifest 
in a reduced level of the free hormone , in a l te ra t ions of morphological phenom­
ena dependent upon hormonal concentrat ion, and in the activity of the soluble 
enzyme converting tryptophan to auxin. In cu r ren t exper iments we have found 
that the phenolase-media ted conversion of tryptophan to lAA is unimpaired in 
prepara t ions made from seedlings immediate ly after exposure to single X-
ray doses of 5 k r . 

It i s quite likely that the phenolase complex is activated by the d i s ­
ruptions in cel lular integri ty that resul t from chronic i r rad ia t ion . A 
consequent hyperauxiny could well be the bas i s for the hyperp las ia and 
neoplasms that a r e commonly observed in such i r rad ia ted plants,^^^ 
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PHOTOPERIODIC RESPONSES OF SEQUOIA GIGANTEA SEEDLINGS 

John Skok 

Photoperiodic responses of numerous woody species a re well known, 
but in general , photoperiodic information on t ree species is considerably 
less abundant than that for herbaceous plants . No information in this regard 
has been reported for Sequoia gigantea. 

An observation in this laboratory of a very unusual occurrence in­
volving cone-formation in a single 11-month old Sequoia seedling (Figure 56) 
prompted further exper iments . Plantings were maintained under 8, 12, 14, 
16 and 18-hr photoperiods,but fruiting was not again obtained. Photoperiod 
apparently does not influence cone formation in young seedlings, and no ex­
planation can be offered for this single observed case . The experiments 
did, however, i l lus t ra te that growth responses a re markedly influenced by 
photoperiod (Figure 57). 

#' 
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Figure 56, Sequoia gigantea seedling 11. 5 months from sowing, 

bearing a terminal female cone. 
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Figure 57. Effect oi pliotopcriod on Sequoia gigantea seedlings, 18. 7 months from sowing: 
1, 8 lir, 2, 12 hr, 3, 16 hr, and 4, 18 hrT 

Growth, as measured by main axis heights , number and total length 
of p r imary branches and s tem d iame te r s , was depressed by short photo-
periods and stimulated by long photoperiods, while intermediate photoperiods 
produced intermediate amounts of growth. The longest effective photoperiod 
(sunrise to sunset period plus civil twilight) that prevails during the long 
days of summer in the natural habitat range for Sequoia is about I6 h r . 
Under the present ly employed experimental conditions, the l 6 - h r plants 
made relat ively vigorous growth, but it is of in te res t to note that it was 
possible to increase this growth ra te measurably by extending the photo­
period to 1 8 h r . 

The abundant data on photoperiodic responses that have become 
available over the past forty some years bear out the conclusion that most , 
if not all, plants respond somehow or other to day length. Even so-cal led 
day-neutral plants, plants that a re not specifically photoperiod-dependent 
for flowering, generally show some growth effects. It is of in te res t that 
Sequoia gigantea is not an exception in this respec t . This is of further 
in te res t in that this species has been res t r i c t ed to an extremely nar row 
and isolated natural habitat for several thousands of y e a r s . Photoperiod, 
obviously, has had no apparent ecological impact that resul ted in widening 
i ts distribution even though the species is responsive to photoperiod. 



Since photoperiod has such marked effects on seedling vigor, it would appear 
that reseeding and maintenance of the species might be influenced to a degree 
by latitudinal distr ibution. The more nor ther ly lat i tudes of longer summer 
days would be conducive to vigorous seedling growth provided the winter 
t empera tu re s remained within to lerance range . On this bas is it could be ex­
pected that cer ta in si tes in Washington, Oregon and Bri t i sh Columbia might 
provide favorable conditions for successful es tabl ishement of the spec ies . 
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A DIFFICULTY WITH lODOMETRIC TECHNIQUES APPLIED 
TO CERTAIN PEROXIDE MIXTURES* 

R. N. Feinstein 

In c lass ica l iodometry, an excess of KI is added to the acidified 
sarnple, together with a drop of 5% amimonium molybdate, and the free io ­
dine re leased is t i t ra ted with s tandard Na2S203. This technique was used 
with complete satisfaction in the analysis of pure solutions of H2O2, d i suc-
cinoyl peroxide ( D S P ) , or quinone, but considerable difficulty has been 
encountered in applying it to mix tures of H2O2 or DSP with quinone, or to 
an HgOj-hydroquinone-copper sys tem. 

The difficulty takes the form of a delayed, r e c u r r e n t end point. 
After an apparently final end point is reached, if the solution r ema ins at 
room tempera tu re for a t ime , m o r e free iodine a p p e a r s . An auxi l iary t i t r a ­
tion produces another end point, and the solution will then again r eco lo r . 
Eventually no further recolora t ion appears , and the total of the t i t ra t ions is 
then approximately s to ich iometr ic . (A loss of severa l percent is general ly 
encountered in such mixtures . ) The r e c u r r e n t end point cannot be avoided 
mere ly by permit t ing a longer period before the f i rs t t i t ra t ion; the free io ­
dine must be reduced before more free iodine appea r s . 

Tables 33 and 34 i l lus t ra te the extent of the r e c u r r e n t end point. In 
these de terminat ions , 5-ml aliquots of (approx ) 0.01 _M H2O2 (or DSP) and 
(approx.) 0.01 M quinone were t i t ra ted separa te ly and combined. In each 
case , Z ml of 1 N_ H2SO4 was added 

TABLE 33 

lodometr ic t i t ra t ion of H2O2, quinone, and mixture 

>^nl^ ^f^TiCf^ 

H2O2 alone 

Quinone alone 

H2O2 plus quinone 

Na2S, 

Initial 

0.105 

0.096 

0.186 

P3 t i t ra ted , meq 

Auxil iary 

0.000 

0.001 

0.011 

Total 

0.105 

0.097 

0.197 

% loss 

2.5 

The exper iments he re recorded were performed during the tenure of 
a Guggenheim Fellowship at the Institut du Radiura, P a r i s , F r a n c e . 
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T A B L E 34 

l o d o m e t r i c t i t r a t i o n of DSP, qu inone , and m i x t u r e 

Subs t ance 

DSP a lone 

Quinone a lone 

DSP p lus quinone 

Na2S203 t i t r a t e d , m e q 

In i t i a l 

0.095 

0.082 

0.146 

A u x i l i a r y 

0.000 

0.000 

0.019 

To ta l 

0.095 

0.082 

0.165 

% l o s s 

6.8 

An a t t e m p t w a s m a d e to d e t e r m i n e the f a c t o r s in f luenc ing the ex ten t 
of the r e c u r r e n c e . One f a c t o r of p r o v e n i m p o r t a n c e i s the c o n c e n t r a t i o n of 
a c id ; l e s s r e c u r r e n c e is o b s e r v e d in the p r e s e n c e of m o r e c o n c e n t r a t e d 
a c i d . Th i s i s i l l u s t r a t e d in T a b l e 35 , w h e r e the neg l ig ib l e effect of a c i d on 
the t i t r a t i o n of H2O2 a lone i s c o m p a r e d with i t s effect on the t i t r a t i o n of a 
m i x t u r e of H2O2, h y d r o q u i n o n e , and CUSO4. 

T A B L E 35 

Effect of a c i d on end point r e c u r r e n c e 

Subs t ance 

H2O2 

H2O2 

H2O2 

H2O2 

H 2 0 2 - h y d r o q u i n o n e - C u S 0 4 

H2O2-hydroquinone-CUSO4 

H 2 0 2 - h y d r o q u i n o n e - C u S 0 4 

H2O2 - h y d r o q u i n o n e - CUSO4 

H202-hydr oquinone - CUSO4 

H2O2 - h y d r o q u i n o n e - CUSO4 

H2O2-hydroquinone-CUSO4 

F i n a l n o r m a l i t y 
of H2SO4 

0.1 

0.2 

I.O 

4.0 

0.1 

0.2 

0.5 

1.0 

1.5 

2.0 

4.0 

Na2£ 

In i t i a l 

0.110 

0.109 

0.109 

0.110 

0.100 

0.103 

0.107 

0.108 

0.108 

0.109 

0.109 

2O3 t i t r a t e d 

A u x i l i a r y 

0.001 

0.001 

0.001 

0.001 

0.008 

0.006 

0.003 

0.001 

0.001 

0.001 

0.001 

, m e q 

To ta l 

0.111 

0.110 

0.110 

0.111 

0.108 

0.109 

0.110 

0.109 

0.109 

0.110 

0.110 



161 

Other than acid concentrat ion, no factor has been observed that is 
of importance in emphasizing or diminishing the end-point r e c u r r e n c e . 
Among the factors tes ted were the re la t ive and absolute amounts of all com­
ponents; length of standing at each stage of the react ion; and order of addi­
tion of the reagen ts ; and t e m p e r a t u r e . 

This sor t of r e cu r r en t , sluggish end point in iodometry has been 
mentioned before in the l i t e r a tu r e , par t icu la r ly by Evere t t and Minkoff.\-'/ 
These authors noted the sarae difficulty in t i t rat ing mixtures of H2O2 and 
hydroperoxides . They offered no explanation for their phenomenon. 

Reference 

1. Everet t , A. J., and G. J. Minkoff. The analysis of combustion products . 

III. The effect of hydrogen peroxide on the react ion of potass ium pe r ­
manganate with organic peroxides in acid solution. Anal. Chim. Acta H 
48-53 (1954). 



PRELIMINARY STUDY OF CHEMICAL TESTS TO MEASURE 
THE REACTIVITY OF PEROXIDES* 

R. N. Feinstein 

This project was undertaken in the hope of finding a tes t that would 
classify peroxides according to chemical react ivi ty in the same order as 
thei r re la t ive biological activity, with par t icu lar reference to thei r rad io-
mimet ic effect on the t ransforming factor. It was hoped that such a tes t 
would permi t predict ion of rad iomimicry , 

Three peroxides were studied in each of th ree t e s t s . The peroxides 
were : (a) H2O2, (b) disuccinoyl peroxide ( D S P ) , (kindly provided by 
P . Demerseman) , and (c) cumene hydroperoxide (CHP), a commerc ia l samiple 
from the Hercules Powder Company and stated to assay 73.2% CHP. These 
three were selected because they have been tested by Latarjet et alA^ ) for 
their effect on the t ransforming factor, in which case their order of activity 
was found to be DSP » > H 2 0 2 » CHP. 

The three react ions tested were : (a) oxidation of hydroquinone, 
(b) react ion with the anion exchange res in Dowex 1, and (c) r e l ease of free 
iodine from solutions of KI. These th ree tes ts a r e d iscussed in the following 
sect ions . 

Oxidation of Hydroquinone 

This tes t had been investigated, in the case of DSP only, by 
Demerseman and Mathieu,v2) who had found that, under cer ta in c i r c u m ­
s tances , DSP oxidized hydroquinone to quinone, as measu red by increased 
absorption at 2500 A. The n e c e s s a r y "c i rcumstance , " unknown at that t ime , 
proved to be a need for metal catalyst , e i ther copper or i ron, (it was ul t i ­
mate ly demonst ra ted that as l i t t le as 10"^^ Adcopper ion i s detectably catalytic, 
which makes this tes t an ext remely delicate means of detection of these 
ions.) When an attemipt was made to apply this tes t to H2O2 or CHP, however, 
it was found that while color formation indicated that a react ion was indeed 
proceeding, there was very l i t t le , if any, inc rease in absorption at 2500 A, 
hence l i t t le , if any, formation of quinone. The following r e m a r k s , with the 
exception of Table 39, apply to the formation of a visible pink color . 

The react ion is catalyzed most strongly by iron (both fer rous and 
fe r r i c ) , slightly l e s s strongly by cupric ion, very slightly by zinc, and not 
at all by Mg, Mn, Ca, or Co. The simiultaneous p resence of Mn,at 10-fold 

* These exper iments were performed during tenure of a Guggenheim 
Fellowship at the Institut du Radium, P a r i s . 
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the concentration of the other me ta l s , is without effect on the ra te of ca ta l ­
ys is by i ron, copper, or zinc. The cata lys is is prevented, or hal ted, by addi­
tion of e thylenediaminetetraacet ic acid (EDTA) or H2SO4. EDTA in twice the 
molar concentration of the meta l is completely effective. (Presumably 
s toichiometr ic amounts of EDTA would also be effective, but double amounts 
were always used to a s s u r e an excess . ) Addition of an excess of copper to 
the EDTA-a r r e s t ed react ion pe rmi t s the reac t ion to proceed again; addition 
of excess copper is without effect on the H2S04-terminated react ion. 

As shown by Ingraham'- •' in the case of the oxidation of catechol by 
H2O2 in the presence of Cu, the react ion ra te is c r i t ica l ly dependent on con­
centrat ion of H2O2, hydroquinone, and meta l , as well as on pH and t e m p e r a ­
t u r e . The effects of copper concentrat ion, t e m p e r a t u r e , and pH a re shown 
in Tables 36, 37, and 38, respect ive ly . 

TABLE 36 

Effect of copper concentrat ion on the 
H202-hydroquinone reac t ion ra te 

(Tempera tu re , 20°C| pH, 4.5) 

CUSO4 c o n c e n t r a t i o n , M 

No c o p p e r 
10-^ 
10-5 
10-4 
10-3 

T i m e to i n i t i a l c o l o r 

c a 90 m i n 
31 m i n 

7 m i n 
40 s e c 
10 s e c 

TABLE 37 

Effect of t empera tu re on the 
H202-hydroquinone react ion ra te 

(pH, 4.5) 

T e m i p e r a t u r e , 
° C 

20 

25 
30 

35 
40 
45 
50 

T i m e to i n i t i a l c o l o r a p p e a r a n c e , s e c 

2 X 10"5 M CUSO4 

150 
90 

75 
60 

10-5 A£CuS04 

4 2 0 
270 
160 
105 

75 
55 
4 0 
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TABLE 38 

Effect of pH on the H202-hydroquinone react ion ra te 

(Tempera ture , 20°C; CUSO4, l O ' ^ ^ 

pH 

3.5 
4.1 
4.5 
5.2 

Time to initial color , min 

50 
20 

7.5 
5 

Table 39 indicates the ra te of quinone formation (absorption at 2500 A) 
from hydroquinone by DSP, H2O2, and CHP, each in the presence of copper 
cata lys t . It is apparent that DSP rapidly produces quinone, while H2O2 and 
CHP produce very l i t t le , if any, quinone. (In another experiment , not shown, 
there was no indication of quinone formation from hydroquinone plus H2O2 
plus Cu.) 

TABLE 39 

Rate of formation of quinone from hydroquinone-peroxide-copper 

Peroxide , 10"^ M; CUSO4, 4 x 10"^ M; hydroquinone, 2 x lO'^ M. 
Tempera tu re 20°C, pH, 4 .5 . Reaction was stopped when des i red 
by addition of equal volume of 4 x 10"^ M EDTA. For spec t ro -
photometric reading, these solutions were then diluted 20-fold 
further with 2 x 10"^ M EDTA. 

Time, 
min 

0 
15 
30 
60 

120 

Optical density at 2500 A 

DSP 

0.006 
0.206 
0.311 
0.405 
0.436 

H2O2 

0.025 
0.029 
0.036 
0.040 
0.045 

CHP 

0.013 
0.022 
0.025 
0.036 
0.051 

Despite the lack of quinone formation from hydroquinone by H2O2 or 
CHP, it is obvious that some react ion is taking place, for all th ree peroxides 
produce visible co lo r s . Interest ingly, the colors a r e not identical . H2O2 
produces a pink color , DSP a yellow, and CHP a green . If the H2O2 product 
is acidified, the pink becomes yellow but sti l l shows no absorption at 2500 A. 

The re la t ive ra te of initial appearance of a given color under va ry ­
ing c i rcumstances may be es t imated visually with some accuracy . The e s t i ­
mation of re la t ive r a t e s of initial appearance of different colors must be 
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considered much less accura te . Only if differences in ra te a re considerable 
may they be considered significant. An attempt has been made to es t imate 
in this manner the relat ive rate of appearance of color under the influence 
of DSP vs H2O2 vs CHP. This was done at a var ie ty of copper concentrations 
and at a var ie ty of t empe ra tu r e s . The resu l t s a r e shown in Tables 40 and 
41 . Despite the imprec ise technique employed, it seems c lear that H2O2 
produces color appreciably more rapidly than do DSP or CHP. Although 
there is no striking difference between the la t ter two, I would suggest that 
the data of Table 41 be given somewhat more credence than those of 
Table 40 since some difficulty was experienced in precise reproduction of 
the data of Table 40. On this bas i s , then, one is inclined to argue that in 
this system, the CHP actually shows slightly grea te r activity than does the 
DSP- Certainly the DSP he re does not show its more cus tomary considerable 
advantage over CHP. 

T A B L E 40 

Effec t of c o p p e r c o n c e n t r a t i o n on r e l a t i v e r a t e 
of c o l o r p r o d u c t i o n f r o m h y d r o q u i n o n e - p e r o x i d e - c o p p e r 

P e r o x i d e , 2 x ID"* M; h y d r o q u i n o n e , 0.01 M; pH 4 . 5 , 2 0 ° C . 

CUSO4 c o n c e n t r a t i o n , M 

1 0 - = 
1 0 " ' 
10-^ 

D S P 

+* 
+ 
•? 

H2O2 

+ 
++ 
++ 
... 

C H P 

0 
+ 

4 + 

* + + , c o l o r d e t e c t a b l e i s l e s s t h a n 10 m i n . 
4, c o l o r not d e t e c t a b l e in 10 m i n but d e t e c t a b l e 

w i t h i n 30 m i n . 
0, c o l o r not d e t e c t a b l e w i t h i n 30 m i n . 

T A B L E 41 

Ef fec t of t e m p e r a t u r e on r e l a t i v e r a t e of c o l o r p r o d u c t i o n 
f r o m h y d r o q u i n o n e - p e r o x i d e - c o p p e r 

P e r o x i d e , 2 x 1 0 ' ^ M; h y d r o q u i n o n e , 0.01 M; CUSO4, l O ' * M; pH 4 .5 

T e m p e r a t u r e , 
°C 

21 
35 
50 

D S P 

+ 1 * 
+4 
T 6 

H2O2 

+3 
+5 
46 

C H P 

+1 
+5 
+6 

*+6 C o l o r w i t h i n 15 s e c . 
+5 C o l o r i n 1 6 - 3 0 s e c . 
+4 C o l o r i n 3 1 - 6 0 s e c . 
- 3 C o l o r in 6 1 - 9 0 s e c . 
•i2 C o l o r in 9 1 - 3 0 0 s e c . 
-̂ 1 C o l o r d e t e c t a b l e only a f t e r 300 s e c . 



It is in teres t ing that Vermei l and Salomon,^'*'' i r radia t ing a simple 
solution of hydroquinone with X - r a y s , obtained a colored product with prop­
e r t i e s str ikingly s imi lar to those of the H202-hydroquinone-copper product: 
pink until acidified, then yellow, and with a very s imi lar absorption spect rum 
in the visible and ul traviolet range . The fact that X-radiat ion in the absence 
of meta l catalyst produced what appears to be the same product as that p ro ­
duced by HjOg and copper or i ron, makes it appear likely that hydroxyl rad­
icals a r e involved. This sor t of Fenton 's react ion is well d iscussed by 
Haber and Weiss.(5) It is poss ible , in fact, that the reason for the decreased 
activity of DSP in the formation of colored products l ies in the re la t ive rate 
of production of hydroxyl rad ica ls and of other oxidizing r ad i ca l s . It at 
l eas t seems evident that the formation of quinone from hydroquinone by DSP 
and copper is not mediated by hydroxyl r ad ica l s . 

Reaction of Peroxides with Anion Exchange Resin 

The react ion with Dowex 1 (hydroxyl form) was suggested by some 
ea r l i e r work,(6) in which ether was freed of peroxides by contact with the 
r e s in . It was considered at that t ime that the react ion was purely one of 
anion exchange. However, in the p resen t studies it has not been possible 
to recover the peroxide (H2O2 or DSP) from the res in , and it is tentatively 
concluded that the react ion is not simply an exchange of anions. The exact 
nature of the react ion remains unknown. 

Analyses for H2O2 and DSP were ca r r i ed out by c lass ica l iodometry, 
in which the peroxide is permi t ted to r e l ease i ts equivalent of free iodine 
from KI solutions, the free iodine then being t i t ra ted with s tandard thio-
sulfate (here used 0 .005 NNa2S203). This technique, however, is not suitable 
for the measu remen t of CHP because of i ts low react ivi ty in this respec t 
(cf. following section). A modification of the method of Hochanadel' ' '' was 
therefore emiployed. Hochanadel 's reagent was mixed with an equal volume 
of the CHP-containing solution, and the mixture was permi t ted to stand at 
room t empera tu re for 24 hr before t i t rat ing with s tandard Na2S203. Occa­
sionally a slight r e c u r r e n c e of the end point was observed, and a small aux­
i l i a ry t i t ra t ion was required after severa l hours m o r e . This technique was 
reproducible within perhaps 5%. 

The amount of a given peroxide which will be retained by the res in 
is dependent both upon the concentrat ion of the peroxide solution applied and 
upon its volume, the volume being of l e s s e r importance in this connection. 
These s ta tements a r e verified by the data of Tables 42-46. 

It will be noted from these tables that it was n e c e s s a r y to vary the 
ra t io of peroxide to res in considerably for the various peroxides , in o rder 
to have accura te ly measurab le r e c o v e r i e s . Despite this fact, and the addi­
tional fact of var ia t ion in retent ion with var ia t ion in concentrat ion and volume 
of peroxide, it is evident that the three peroxides a re dist inctly different 
quantitatively with r ega rd to their react ion with the ion exchange res in . 



TABLE 42 

Effect of concentrat ion of DSP on retent ion by Dowex 1 

Resin and peroxide were mixed mechanical ly for 5 min, then 
fi l tered through smal l c i r c l e s of fast paper . Aliquots of the 
f i l t rates were analyzed for peroxide as s tated in the text . 
Peroxide "retained by r e s in" was calculated by difference. 

Weight of 
r e s in , g 

0.200 
0.200 
0.200 
0.200 

Cone. 
DSP, M 

0.03 
0.02 
0.01 
0.005 

DSP applied 
to res in , ml 

10.0 
10.0 
10.0 
10.0 

DSP applied to 
res in , meq 

0.600 
0.400 
0.200 
0.100 

DSP remaining 
in soln. , meq 

0.391 
0.232 
0.064 
0.005 

DSP retained 
by res in , meq 

0.209 
0.168 
0.136 
0.0 95 

TABLE 4 3 

Effect of concentrat ion of H2O2 on retention by Dowex 1 

Weight of 
r e s m , g 

1.000 
1.000 
1.000 
1.000 
1.000 

Cone 
H2O2, M 

0.101 
0.0808 
0.0606 
0.0404 
0.0202 

H2O2 applied 
to r e s in , ml 

10.0 
10.0 
10.0 
10.0 
10.0 

H2O2 applied 
to res in , meq 

2.02 
1.62 
1.21 
0.81 
0.40 

H2O2 remaining 
in soln. , meq 

1.69 
1.36 
1.03 
0.69 
0.36 

H2O2 re ta ined 
by r e s in , meq 

0.33 
0.26 
0.18 
0.12 
0.04 

TABLE 44 

Kfiect of \o lunie of DSP on retention by Dowex 1 

Weight of 
r es in , g 

0.200 
0.200 
0.200 
0.200 
0.200 

Cone. 
DSP, N 

0.00396 
0.003«i6 
0.00396 
0.0039b 
0.00396 

DSP applied 
to res in , ml 

25 
20 
15 
10 

5 

DSP dpplied to 
r e s m , meq 

0.990 
0.792 
0.594 
0.396 
0.198 

D.SP remaining 
in soln. , meq 

0.774 
0.588 
0.398 
0.215 
0.040 

DSP retained 
by res in , meq 

0.216 
0.204 
0.1^6 
0.181 
0.158 

TABLE 45 

Effect of volume of 11202 on retention by Dowex 1 

Weight of 
r es in , g 

1.000 
1.000 
1.000 
1.000 

Cone. 
H2O2, N 

0.00294 
0.00294 
0.00294 
0.00294 

H2O2 applied 
to r e s in , ml 

50 
40 
30 
20 

H2O2 applied 
to r e s in , meq 

0.147 
0.117 
0.088 
0.059 

H2O2 remaining 
in soln. , meq 

0.140 
0.109 
0.080 
0.052 

H2O2 retained 
by res in , meq 

0.007 
0.008 
0.008 
0.007 

file:///olunie
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TABLE 4 b 

Effect of volume of CHP on retention by Dowex 1 

Weight of 
r e s in , g 

1.000 
1.000 
1.000 
1.000 

Cone. 
CHP, N 

0.00291 
0.00291 
0.00291 
0.00291 

CHP applied 
to res in , inl 

50 
40 
30 
20 

CHP applied 
to res in , meq 

0.146 
0.116 
0.087 
0.058 

CHP remaining 
in soln. , meq 

0.096 
0.071 
0.047 
0.026 

CHP retained 
by res in , meq 

0.050 
0.045 
0.040 
0.032 

The approximate order of magnitude of reaction may be stated, from the 
tables above, to be: 

DSP 1 .0 meq /g res in (using ca. 4 x 10"^ N DSP) 

H2O2 0.04 meq/g res in (using ca. 4 x 10"^ N H2O2) 

H2O2 0.008 meq/g res in (using ca. 3 x 10"^ N H2O2) 

CHP 0.04 meq/g res in (using ca. 3 x 10"^ N CHP). 

Hydrogen peroxide may thus conveniently be used as a s tandard by 
which to compare other peroxides . It avoids, on the one hand, the difficulty 
of l imited solubility of such peroxides as CHP, and it avoids on the other 
hand, the extremely high react ivi ty of the DSP. For a thorough-going 
mathematical analysis of these sys tems , complete with equilibrium con­
stants , more data would be neces sa ry . However, on the basis of the figures 
given just above, one may hazard the very crude est imate that DSP is pe r ­
haps 25 t imes as active as H2O2, while CHP is perhaps five t imes as active 
as H2O2. The result ing order of activity then is DSP> CHP> H2O2. 

Release of F ree Iodine from Solutions of KI by Peroxides 

Measurement of the ra te of re lease of iodine from aqueous solutions 
of KI suffers from two important disadvantages: (l ) it has not been found 
possible to halt the react ion at any given point for measurement , and (2̂ ) the 
range of react ion ra te is so great as to make it difficult to devise one single 
technique which will be applicable to all peroxides . Generally, an acid r e ­
action is neces sa ry for the re lease of iodine from KI. However, an active 
agent such as DSP will very quickly, essential ly instantaneously, r e l ease 
i ts equivalent of iodine in the presence of buffers of pll as high as 9 or 10. 
An inactive agent such as CHP only slowly re leases iodine even in the p r e s ­
ence of 1 N_ H2SO4, and allowance must here be made for iodine which is r e ­
leased due to oxidation by the H2SO4 itself. A peroxide of intermediate 
activity, such as H2O2, will r e l ease iodine from KI at convenient, reproducible 
r a t e s , the exact rate being dependent upon the pH, t empera tu re , and concen­
trat ion of the peroxide. For these reasons , most of the following experiments 
have been ca r r i ed out with hydrogen peroxide as oxidizing agent. 



169 

The g e n e r a l p r i n c i p l e of the following e x p e r i m e n t s h a s b e e n to p r e ­
p a r e two s o l u t i o n s , the f i r s t con ta in ing 1.0 m l of the p e r o x i d e t o g e t h e r with 
10.0 ml of ac id o r buffer , the second conta in ing 1 .0 m l of f r e s h l y p r e p a r e d 
10% KI. The r e a c t i o n i s i n i t i a t ed by mix ing the two s o l u t i o n s , and an end 
point i s c o n s i d e r e d to be tha t t i m e at which the co lo r r e a c h e s tha t of a s t a n d ­
a r d f e r r i c c h l o r i d e so lu t ion . Since the u l t i m a t e co lo r ob t a inab l e depends on 
the in i t i a l c o n c e n t r a t i o n of p e r o x i d e , a s e r i e s of s t a n d a r d s was n e c e s s a r y . 

The effect of t e m p e r a t u r e i s shown in Table 47 . The s a m e effect of 
t e m p e r a t u r e h a s been o b s e r v e d a t o the r pH v a l u e s and with o t h e r c o n c e n t r a ­
t ions of p e r o x i d e . 

TABLE 47 

Effect of t e m p e r a t u r e on iodine r e l e a s e from KI by H2O2 

Init ial cone . H2O2, 0.05 M; acid s o u r c e , 0.1 N H2SO4. 
End point c o m p a r i s o n co lo r : 10*^ M FeCl j . 

T e m p e r a t u r e , 

20 
35 
50 
t)5 

°C Time to end point . 

135 
bO 
30 
15 

s e c 

To obta in the da ta of Tab le 48 , the t e i n p e r a t u r e w a s m a i n t a i n e d a t 
20°C , and the c o n c e n t r a t i o n of H2SO4 was v a r i e d . The end point was m a t c h e d 
with the co lo r of 5 x 10 - ' *MFeCl3 . The c o n c e n t r a t i o n of H2SO4 shown is tha t 
be fo re mix ing with the p e r o x i d e and KI. H2O2 was 0.01 M befo re in ix ing 
with the o the r c o m p o n e n t s . 

TABLE 18 

Effect of acid concen t r a t i on on r e l e a s e of iodine f rom KI by H2O2 

Concent ra t ion of H2O2, 0.01 M; concen t r a t ions of H2O2 and 
of H2SO4 s ta ted a r e before mixing with o ther c o m p o n e n t s . 
End point c o m p a r i s o n co lo r : 5 x IQ- M FeCl3. 

Or ig ina l cone . 
of 112504, N 

0.01 
0.025 
0.05 
0.10 
0.25 
0.50 
1.00 

Time to 
end point, min 

15 
14 
10 

7 
4 
2 
1 
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Table 49 d e m o n s t r a t e s t ha t the r e a c t i o n r a t e i s a l s o c r i t i c a l l y depend­
ent upon the c o n c e n t r a t i o n of the p e r o x i d e . In th i s e x p e r i m e n t , d e s p i t e the 
v a r i a t i o n in H2O2 c o n c e n t r a t i o n , the s a m e end point was of c o u r s e emp loyed , 
n a m e l y tha t of 2 x 10"^ M F e C l j . 

T A B L E 49 

Effect of H2O2 c o n c e n t r a t i o n on r e l e a s e of iodine f rom KI 

Acid s o u r c e , M/10 phospha te buffer , pH 2 . 1 ; t e m p e r a t u r e , 30°C . 
End point c o m p a r i s o n c o l o r : 2 x 10- M_ FeCl3 th roughou t . 

Or ig ina l cone . 
of H2O2, M 

0.005 
0.010 
0.025 
0.050 
0.100 

T i m e to 
end point , sec 

630 
380 
135 

75 
40 

The following m i s c e l l a n e o u s o b s e r v a t i o n s a r e of i n t e r e s t in c o n n e c ­
t ion with th i s t e s t : 

(a) Copper and i r o n , in c o n t r a s t to t h e i r behav io r in the h y d r o ­
quinone s y s t e m , do not a c c e l e r a t e the r a t e of r e l e a s e of iodine f r o m KI 
so lu t ions by H202. In fact , FeS04 so lu t ions a p p e a r to d i m i n i s h the r a t e . 
T h i s , h o w e v e r , i s due to the s t r o n g c a t a l a t i c effect of i r o n on H2O2 s o l u ­
t i o n s . M i x t u r e s of H2O2 and FeS04 , in i t i a l ly c l e a r and c o l o r l e s s , r a p i d l y 
b e c o m e tu rb id f rom oxygen fo rma t ion and yel low f rom f o r m a t i o n of ( p r e -
sunnably) Fe2(S04)3, which p r e c i p i t a t e s out . Copper has m u c h l e s s c a t a l a t i c 
effect, a l though s o m e bubbles of gas can be o b s e r v e d . At a r a t i o a s high as 
one m o l e of CUSO4 to fifty m o l e s of H2O2, no effect i s o b s e r v e d on the r a t e 
of r e l e a s e of iodine f r o m KI. 

(b) In m e a s u r i n g the effect of C H P on the r e l e a s e of iodine f rom 
KI, the following four m i x t u r e s w e r e p r e p a r e d and ina in ta ined at 20°C : 

Mixtu re T i m e to r e a c h end point 

1 m l 10"^ M C H P + 10 m l 1 N H2SO4 + I ml 10% KI 19 min 

1 m l H2O + 10 m l 1 N H2SO4 + 1 m l 10% KI 32 m i n 

1 m l 10"^ M C H P + 10 m l 0.1 M H3PO4 + 1 m l 10% KI 120 m i n 

1 ml H2O + 10 m l 0.1 M H3PO4 + 1 m l 10% KI No co lo r within 18 h r 

It i s t hus evident that C H P does have an effect on th i s s y s t e m , that 
th i s effect i s e x t r e m e l y s l igh t , and tha t I N H2SO4 by i t s e l f (but not 0.1 M 
H3PO4 by i t se l f ) can r e l e a s e I2 f rom KI so lu t ion . 
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(c) DSP, even at concentrat ions as low as 10"^ M_, and even in the 
presence of M/1 0 phosphate buffer at pH ca. 9.5, essent ia l ly instantaneously 
r e l ea ses its equivalent of iodine from KI. Cooling to 0°C has no detectable 
effect on the speed of the react ion. 

Summary and Conclusions 

The following very briefly summar izes the over-al l conclusions to 
be drawn from the foregoing exper iments : 

1. In the hydroquinone-peroxide sys tem, DSP behaves qualitatively 
differently from H2O2 and CHP, quinone being the p r i m a r y product in the 
former case but being a very minor (if indeed existent) product in the la t te r 
c a s e s . In all c a s e s , me ta l ca ta lys t (Cu or Fe) is requi red . If one observes 
only \ i s ib l e formation of color, one concludes that the o rder of react iv i ty i s : 
H2O2 > CHP > DSP. 

2. In the react ion of peroxides with Dowex 1, the o rder of react iv i ty 
is evidently DSP CHP-- H2O2. 

3. In the re lease of free iodine from KI by peroxide, the o rde r of 
react ivi ty is DSP . / H2O2 x / C H P . 

In the biological tes t of these three peroxides on the t ransforming 
factor,vl ) it was found that DSP is about 10'* t imes as active as H2O2, while 
CHP was essent ia l ly inact ive . It, therefore , appears that the third tes t 
abo^-e, i.e , r e l ease of free iodine from KI, is the only one of the three which 
puts these compounds in the same order as their biological effect iveness. 

I would like to r eco rd he re my ve ry considerable grat i tude to 
Doctors Latar je t , Demerseman, Mathieu, Royer, and Eker t , for a s s i s t ance 
in ways too numerous to detail - discussion, supply, ins t ruct ion, and o the r s . 

file:///isible
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ATTEMPTS AT CANCER THERAPY WITH CATALASE 

R. N. Feinste in and Marilyn Vetter 

In a recen t monograph,^ ' Puig Muset presented a rguments , both 
theore t ica l and experimental , for the possibi l i ty that the enzyme ca ta lase 
should serve as an effective therapeut ic agent against mal ignancies . 
Actually, this concept runs counter to the more prevalent view that if total 
body catalase could somehow be eliminated, endogenous or exogenous 
hydrogen peroxide (fed, injected, produced enzymatically, or formed by 
ionizing radiat ion) would be therapeut ical ly effective. Warburg and his 
group have most effectively advocated this la t ter concept.(2-4) 

However, in correspondence with Puig Muset, it was agreed to t es t 
his concept on animal tumors , the studies to be p re l iminary in na ture and 
to be expanded only if r e su l t s warranted . To summar ize briefly, no evidence 
was obtained for a therapeutic action of ca ta lase on a r a t or on a mouse 
tumor. 

Exper imenta l 

Catalase was supplied by Puig Muset, Scientific Director of the 
P.E.V.Y.A. l abora tor ies , Barcelona, Spain. These labora tor ies produce 
a dry, stable, soluble, ex t remely active ca ta lase prepara t ion designated 
Caperase . This product dissolves readi ly in minimal anaounts of saline 
to produce a solution of many t imes the activi ty of the raost potent A m e r i ­
can products . 

Mice were CF No. 1 females , ini t ial ly weighing about 25 g, and the 
tumor employed was the K2ACLD asc i t e s tumor. Rats were Sprague-Dawley 
ma les , weighing about 125 g at the s t a r t of the experiment; the tumor used 
was the Walker ca rc inosa rcoma. 

The Caperase was dissolved in saline at such a level as to give the 
mice , in each dose, approximately 1.9 t imes their total body ca ta lase , and 
the ra t s approximately 2.4 t imes their total body ca ta lase . This was accom­
plished with in t raper i toneal injections of 0.25 m l to the mice and 1.0 ml to 
the r a t s . 

On day zero , groups of 10 mice were implanted in t raper i toneal ly 
with 0.1 ml of asc i tes fluid, and groups of 10 r a t s were implanted subcu-
taneously with 0.1 ml of minced Walker tumor . One group of mice received 
Caperase on days 1, 2, and 3; one group received Caperase on days 1, 3, and 
5; and one group received no Caperase . In addition, one group of n o r m a l 
( tumor-free) mice rece ived Caperase on days 1, 2, and 3, and one group 
received Caperase on days 1, 3, and 5. 



The r a t s were a lso tested in groups of 10. One group was untreated; 
one group received Caperase on days 1, 2, and 3; and one group was t rea ted 
on days 1 and 3 only. Only one group of control ( tumor-free) r a t s was used; 
these received Caperase on days 1, 2, and 3. All tumor-bear ing ra t s were 
sacrif iced on day 9 because the tumors had become relat ively enormous -
many had ulcera ted through the skin, and it was evident that the animals 
could not survive much longer. 

Results 

There were no deaths among the normal mice receiving Caperase . 
Average survival t ime for the untreated mice was 12.7 days. For the mice 
t rea ted on days 1, 2, and 3 it was 8.4 days (or, if one omits 4 ear ly deaths, 
p resumably due to the Caperase , 10.7 days). For the mice receiving 
Caperase on days 1, 3, and 5 it was 12.8 days. Some minor differences a r e 
detectable in the weight curves , but these a re not to be considered significant 
f i rs t because the Caperase doses were so near the toxic level, and second 
because of the var iabi l i ty one often sees in such asc i tes -bear ing mice . The 
re su l t s of the ra t experiment a re suinmarized in Table 50. Catalase was 
therapeut ical ly ineffective against both the mouse and the ra t tumor. 

TABLE 50 

Effect of Caperase (catalase) on r a t s bearing 
the Walker ca rc inosarcoma 

Group 

Tumor implanted 
Caperase injected on days 
Average initial weight, g 
Average t e rmina l weight, g 
Average weight of tumor, g 
Tumor as % of body weight 

A 

Yes 
-

134 
195 
9.5 
4.9 

B 

Yes 
1,2,3 
136 
188 
9.1 
4.7 

C 

Yes 
1,3 
139 
196 
8.9 
4.5 

D 

No 
1,2,3 
138 
190 

-
-
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3-AMINO-l,2,4,-TRIAZOLE 

X. The Effect of Chemically Modified Aminotr iazole 
on Erythrocyte Catalase 

R. N. Feinstein, Marilyn Vetter , and Carla Fo lke r s* 

Holman's claim^^'' of curing the ra t Walker ca rc inosarcoma by 
incorporating hydrogen peroxide in the drinking water has been repeatedly 
refuted, the l is t by now being too long to incorporate in a p rogress repor t . 
However, Warburg £!—•' have presented a theore t ica l bas is for the 
argument that iT the tumor-bear ing animal could somehow be rendered 
ca ta lase - f ree , then endogenous or exogenous H2O2 (e.g., radiat ion-
produced) might prove carcinolyt ic . 

We have previously demonst ra tedw/ that 3-amino-1 ,2 ,4- t r iazole (AT), 
upon injection or d ie tary ingestion, will s trongly inhibit the catalase of most 
solid t i s sues but not that of the erythrocyte . We have shown the reason for 
non-inhibition of the erythrocyte catalase to be inability of AT to penetrate 
into the ery throcyte . 1"̂ / 

We have, therefore , been in teres ted in AT derivat ives that m.ight have 
the twin proper t i es of (a) penetrat ing the erythrocyte and (b) then inhibiting 
the ca ta lase therein . To accompl ish the la t ter , it may be n e c e s s a r y that AT 
derivat ives be converted within the cell to free AT. 

A recent paper by van den Bos(5) seemed to offer some hope in this 
direct ion. This author descr ibed the synthesis of s eve ra l derivat ives of AT. 
Among these the mos t readi ly synthesized compounds were x -ace ty l -3 -amino-
1,2,4-triazole ( X A C A T ) and 3-ace ty lamino-1 ,2 ,4- t r iazole (3AcAT). The follow­
ing repor t desc r ibes some prelimiinary exper iments with these two 
compounds. 

Methods 

Catalase was assayed by the perbora te technique. 16) AT and "AT-
like" chromogens were analyzed as descr ibed earlier.C?) Mice were CF No. 1 
females , and al l injections were in t raper i toneal . Because of their l imited solu­
bility (see below), the xAcAT and the 3AcAT were genera l ly injected as 
aqueous suspensions. 

*Argonne Semester Student of the Associa ted Colleges of the Midwest. 
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Results 

P rope r t i e s of xAcAT and 3AcAT 

Solubility. Whereas AT itself is ex t remely soluble in water (20% 
aqueous solutions a r e readi ly prepared) , the two acetylated der ivat ives 
a r e much less soluble. The xAcAT appears to dissolve to the extent of 
approximately 1.0% and the 3AcAT, approxinnately 0.2%. Both of these 
figures a r e subject to considerable e r r o r , because of slow hydrolysis in 
aqueous solution and probable conversion of xAcAT to 3AcAT in aqueous 
solution. The e r r o r is probably g rea t e r for xAcAT, because both these 
factors play important ro l e s . In fact, it has been observed that sa turated, 
fi l tered solutions of xAcAT deposit a precipi ta te after a period of t ime; 
this may indicate conversion of 3AcAT. 

Chromogenic value. Our previously descr ibed^ ' / method for 
analysis of AT consis ts of diazotizing with ni t rous acid, coupling with 
chromotropic acid, and heating at 100°C. When this tes t is applied to 
xAcAT, and 3AcAT accura te in terpre ta t ion of the r e su l t s is difficult be ­
cause of possible conversion of ei ther compound to AT, and possible 
conversion of xAcAT to 3AcAT. 

However, the experiment was performed, using se r i a l dilutions of 
the above "sa tura ted solutions" and assuming concentrat ions as noted 
above. Expres sed as AT color value, we find that 1 mg of xAcAT yields a 
color equivalent to 1.25 mg of AT, and 1 mg of 3AcAT yields a color equiva­
lent to 0.03 mg of AT. 

The la t ter figure is undoubtedly due to the fact that the 3AcAT no 
longer has a free amino group for diazotization. The high value for the 
xAcAT may indicate that the additional acetyl group confers augmented 
chromogenici ty on the original AT, or it may simply ref lect the uncertainty 
of the original measu remen t of solubility. 

In vi t ro penetrat ion of AT, xAcAT, and 3AcAT into the mouse erythrocyte 

Chemical tes t . We have ea r l i e r demonst ra tedi^ / that if mammal ian 
erythrocytes a r e suspended in saline and incubated at 37''C in the p resence 
of AT, the ca ta lase of the red cells is not inhibited. If AT is injected, the 
washed blood cells contain approximate ly 12% of the AT found in plasiTia or 
in l iver . 

In the present test , mouse e ry throcytes were suspended in saline 
and incubated at 37''C with AT, xAcAT, 3AcAT, or with no additional agent. 
After 30 iTiin, the cells were washed and centrifuged three t imes with saline, 
then lysed with dist i l led water and analyzed for AT-l ike color as descr ibed 
above. Although in this p re l iminary exper iment sample s izes for a s say were 
unfortunately selected in an inaccurate color range, the r e su l t s (Table 5l) 
never the less show c l ea r - cu t dis t inct ions. 
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TABLE 51 

AT-l ike color from erythrocytes incubated 
in the presence of AT, xAcAT and 3AcAT 

Added agent 

None 
A T 
xAcAT 
3AcAT 

AT-l ike color, / ig /ml 

4 
18 

ca. 120 
ca. 100 

Since, as indicated ea r l i e r , the xAcAT yields over 40 t imes the 
AT-l ike color of 3AcAT, it would appear from these resu l t s that (a) AT 
penetrated the cells to a negligible extent; and (b) both the xAcAT and the 
3AcAT penetra ted considerably m o r e , the 3AcAT by far more than the 
xAcAT. This las t point, of course , is quite conjectural, due to the pos s i ­
bility of enzymatic hydrolysis within the cell . 

Enzymatic test . A s imi la r exper iment was performed in which the 
lysed ma te r i a l , instead of being analyzed for AT-l ike color, was assayed 
for ca ta lase activity. Again distinct effects were observed (Table 52) a l ­
though these did not exactly para l le l the chemical data. It thus appears 
that, despite the g rea te r apparent penetrat ion of the 3AcAT in vi t ro , as 
indicated by chemical ana lys is , the xAcAT was the more inhibitory of 
red cell ca ta lase in v i t ro . 

TABLE 52 

Catalase activity of e ry throcytes incubated 
in the p resence of AT, xAcAT, and 3AcAT 

Added agent 

None 
A T 
xAcAT 
3AcAT 

Catalase activi ty (perborate 
units per ml packed cells) 

376 
366 
156 
352 

Inhibition, % 

_ 

3 
59 

6 

In vivo effect of AT, xAcAT, and 3AcAT on mouse erythrocyte cata lase 

Single injection. Three control (saline-injected) and 3 exper imental 
mice were individually assayed, and the average values a r e shown in 
Table 53. In each case , the agent was injected as a 1 M solution (or suspen­
sion, in the case of xAcAT and 3AcAT), at 0.01 m l / g body weight. The mice 
were sacr i f iced 60 min after the injection. 



179 

TABLE 53 

In vivo effect of single injections of AT der ivat ives 
on mouse erythrocyte cata lase 

Experiment 

1 

2 

Agent 
tested 

Saline 
AT 
xAcAT 

Saline 
3AcAT 

Blood catalase 
(perborate uni t s /ml) 

186 
191 
171 

200 
200 

Inhibition, % 

0 
8 

0 

Multiple injections. The agent was injected 3 t imes , at 30-min 
intervals , and the mice were sacrif iced after another 30 min. Each dose 
was 0.01 m l / g body weight, with the concentration of the agent at 0.25 _M. 

It is c lear (Table 54) that suggestive but not significant evidence 
has been obtained for an in vivo effect of these agents on erythrocyte 
ca ta lase . 

TABLE 54 

In vivo effect of multiple injections of AT der ivat ives 
on mouse erythrocyte ca ta lase 

Exper iment 

1 

2 

Agent 
tes ted 

Saline 
3AcAT 

Saline 
xAcAT 

Blood catalase 
(perborate uni t s /ml) 

230 
198 

199 
185 

Inhibition, % 

_ 

14 

_ 

7 

Summary 

Two chemicals , x -ace ty l -3 -amino-1 ,2 ,4 - t r i azo le ( X A C A T ) and 
3-ace ty lamino-1 ,2 ,4- t r iazole (3AcAT) have been tes ted as potential 
inhibitors of the ca ta lase activity of intact e ry throcy tes . 

By analysis for 3 -amino-1 ,2 ,4- t r iazo le (AT)-like color, evidence 
has been obtained that both the xAcAT and the 3AcAT a r e capable of 
penetrating the intact e ry throcyte in v i t ro . 
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By enzymatic assay , it has been found that xAcAT, but not 3AcAT, 
significantly reduces the catalase activity of intact erythrocytes in vi t ro . 

No evidence has yet been obtained for significant effect of ei ther 
agent on erythrocyte catalase after in vivo injection. It seems likely that 
at least some of the difficulty encountered is due to l imited solubility and 
stabili ty of these agents . 

We wish to thank Dr. Norman F r ige r io for the synthesis of xAcAT 
and 3AcAT and for helpful discussion regarding their chemis t ry . 
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THE CORRELATION OF AUTORADIOGRAPHIC GRAIN COUNTS 
AND TRITIUM CONCENTRATION IN TISSUE SECTIONS 

CONTAINING TRITIATED THYMIDINE 

W. E. Kisieleski , Renato Base rga* and John Vaupotic 

Tr i t ium-labe led thymidine has been extensively used in recen t yea r s 
to investigate the kinetics of cellular prol iferat ion in a var ie ty of n o r m a l and 
pathological t i s sues . It is known that thymiidine is incorporated into the 
nuclei of cells synthesizing DNA prior to m i to s i s ! 1) but little quantitative 
information is available on its uptake by single cel ls . Also dependent upon 
quantitative data is the problem of radiat ion dos imet ry from in t ranuclear 
t r i t ium. This problem has more than theore t ica l significance, since it has 
been shown that t r i t ia ted thymidine can produce radiat ion damage and death 
in some of the labeled cells.(2,3) f o r these purposes , measu remen t s of total 
t r i t ium activi ty in t i ssue samples!^/ a r e inadequate because of the nonuniform 
distr ibution of thymidine in living t issue and the short range of the t r i t ium 
beta par t ic le . Under these conditions, 90% of the energy of the dis integrat ions 
is dissipated within the nucleus,!^/ and the cus tomary calculation of radia t ion 
dose in t e r m s of energy absorbed per unit m a s s of t i ssue is inadequate. In 
order to co r r e l a t e dose with biological effect the distr ibution of dose on a 
microscopic scale mus t be considered. 

Both of these problems can be solved by high-resolut ion autoradiog­
raphy, in which the type and number of labeled cells and the number of s i lver 
gra ins above each labeled cell can be de termined with reasonable accuracy . 
However, in order to evaluate the absolute concentrat ion of an isotope by 
autoradiographic methods, it is f i rs t n e c e s s a r y to determine the number of 
dis integrat ions required, on the average , to act ivate one si lver grain above a 
labeled locus. Such determinat ions a r e available for most of the commonly 
used rad io i so topes , ! ° ' in which the geometr ic efficiency is taken as 50% and 
the overal l efficiency is determined by the grain yield, that is , the number of 
gra ins per incident electron.'"^'S) In the case of t r i t ium, knowledge of the 
grain yield is not sufficient for quantitative purposes because its geomet r ic 
efficiency is unknown, although some es t imates have been made. i^ '^ j 10; 

The exper iment to be descr ibed is an at tempt to es tabl i sh a cor re la t ion 
between the number of developed si lver g ra ins in a s tr ipping-f i lm emulsion 
and the concentrat ion of t r i t ium in the labeled cells of an underlying t i ssue 
section. 

*Department of Pathology, Northwestern Universi ty Medical School. 
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Mater ia l s and Methods 

General plan of the experiment . CAF | female mice , 5 months old 
and with a mean body weight of 26.2 g, were randomized into 4 pa i r s , each 
of which received in t raper i toneal injections of t r i t ia ted thymidine as shown 
in Table 55. The t r i t ia ted thymidine (Schwartz Labora tor ies , Mount Vernon, 
N.Y.) had a specific activity of 360 m c / m M , and al l animals were sacrif iced 
by cervica l dislocation 24 hr after the f irs t or the only injection. The lungs 
were removed and weighed, and one lung was frozen for studies with the 
liquid scinti l lation counter, (4) while the other was fixed in formalin and 
processed as descr ibed in the section on autoradiographic technique. After 
the autoradiographs had been examined, the amount of t r i t ium in the same 
sections was determined by gas -phase counting. 

TABLE 55 

Uptake of t r i t ia ted thymidine by the lungs of CAFj female mice 

Group 
no. 

1 
2 
3 
4 

Amount of 
H -thymidine 

injected, 
/ic/g body wt 

1.25 
2.50 
3.75 
7.50 

No. of 
injections 

1 
2(12)** 
3(6)** 
6(4)** 

;Uc/mg wet weight 
of lung, 1 X 10^ 

0.097 
0.126 
0.252 
0.435 

Two animals per group. 

** Values in paren theses a r e hours between injections. 

Autoradiographic technique. The str ipping-fi lm technique descr ibed 
by Pelc(-^-^/ was used. The lungs were fixed in 10% neut ra l buffered formalin 
(Li l l ie 's formula),\-^^'' washed for 24 hr in running water , dehydrated and 
embedded in paraffin. Sections cut at 3jU were miounted on clean glass s l ides , 
hydrated, and covered with s t r ips of Kodak Ltd. AR. 10 Autoradiographic 
film. The film s t r ips , 38 by 36 mm, were floated on disti l led water at 25''C 
for 5 min pr ior to mounting. The slides were then dried in a s t r eam of 
warm air for 10 min and exposed in light-tight plast ic boxes containing a 
smal l amount of Dr ie r i t e @ . The exposure t ime, in the re f r igera tor at 
4°C, was 30 days. Developing, fixing and staining of the autoradiographs 
were ca r r i ed out at a t empera tu re of 18''C. The sl ides were developed for 
5 min in Kodak D-19 Developer (Eastman Kodak), washed for 30 sec in 
dist i l led water , and fixed for 8 min in Kodak Acid F ixer (Eastman Kodak), 
diluted 1:1. After washing for 30 min in 3 changes of disti l led water, the 
s l ides were stained for 15 min with Ehr l ich Acid Hematoxylin (Lil l ie 's 
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formula. Reference 12, p. 57), differentiated in 0.2% HGl, blued in 0.5% so­
dium acetate in distil led water , and counterstained with eosin. The excess 
film was t r immed away and the slides were a i r - d r i e d and mounted with 
Permount . 

Grain counting. The number of labeled cells and the number of 
grains were determined visually under oil immers ion . As the background 
fog was of the order of 0.2 gra ins per 100 /i^, it was re la t ively easy to 
identify labeled cel ls . A cell was considered labeled when it had 3 gra ins 
or more ; more than 95% of the labeled cel ls , however, had 10 gra ins or 
more . In the animals of the f i rs t 3 groups, grain counts performed by two 
different obse rve r s were in good agreement . In the animals receiving 
6 doses of t r i t ia ted thymidine, clumping of gra ins made the counts less 
accura te . 

At first , the grains were tallied, one by one, for each section, but 
it was soon rea l ized that the mean grain count per labeled cell, when 
performed on samples of 50 cel ls , was r emarkab ly constant. It was decided 
then to count al l labeled cells in each section, and to determine the mean 
grain count per labeled cell for each section by averaging the grain counts 
of 5 separa te 50-cell samples taken at random. The total number of gra ins 
per section was then obtained by multiplying the total number of labeled 
cells by the mean grain count per labeled cell . 

Gas-phase counting. The radioact ive a s say of t r i t ium ^ -pa r t i c l e s 
with a maximum energy of 18.9 kev was obtained by counting the t i ssue 
sect ions, in the gas phase, as par t of the counter filling for a g lass 
proportional-counting tube-l^^) In this method the single t i ssue sections 
were combusted in a sealed tube over nickel oxide and an excess of zinc 
for 1 hr at 660 ± 10°C, yielding a mixture of hydrogen and methane.(14) 
After the combustion was completed, the sample was introduced into the 
counting tube by means of a Toepler pump; the last portion was swept in by 
the P-10 gas (90 argon - 10 methane) introduced to bring the total p r e s s u r e 
in the counting tube to one a tmosphere . With this sys tem, a r a t e of 10 d i s ­
integrat ions per minute is detectable with a s tandard deviation of - 10%. 
The counting efficiency within the cathode volume for the t r i t ium samples 
was determined by using a National Bureau of Standards t r i t ia ted toluene 
standard, and the standard deviation of the r e su l t s for a s e r i e s of 10 runs 
of the same sample of t r i t ia ted toluene was ± 1.9%. 

Resul ts 

Table 55 shows the total activity per mg of lung t i ssue, as measu red 
in the liquid scintil lation counter. The amount of t r i t ium per unit weight of 
t i ssue inc reases a lmost l inear ly with increasing doses of thymidine. Table 56 
shows the corre la t ion between the number of activated si lver gra ins in the 
s tr ipping-f i lm emulsion and the amount of t r i t ium presen t within the volume 
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of t h e u n d e r l y i n g t i s s u e s e c t i o n , 3 /i t h i c k . A s t h e n u i n b e r of g r a i n s p e r 
s e c t i o n r e p r e s e n t s t h e t o t a l of a 3 0 - d a y e x p o s u r e , w h i l e t h e a m o u n t of 
t r i t i u m p e r s e c t i o n i s e x p r e s s e d in d i s i n t e g r a t i o n s p e r m i n u t e ( d p m ) , t h e 
a u t o r a d i o g r a p h i c e f f i c i e n c y i s c a l c u l a t e d t h r o u g h t h e f o r m u l a : 

t o t a l g r a i n c o u n t / 3 0 , ^ „ 
eff. = 2 — 7-f X 100 

d p m X 2 4 x 60 

T h e o v e r - a l l a u t o r a d i o g r a p h i c e f f i c i e n c y i n c r e a s e s w i t h i n c r e a s i n g d o s e s 
of t h y m i d i n e , v a r y i n g f r o m a b o u t 3 p e r t h o u s a n d a t t h e l o w e s t d o s e l e v e l 
t o a l m o s t 1% a t t h e h i g h e s t d o s e l e v e l . 

T A B L E 56 

Ef f ic iency of a u t o r a d i o g r a p h i c s t r i p p i n g - f i l m in s e c t i o n s of lungs 
l abe l ed wi th H - t h y m i d i n e 

G r o u p 
no . 

1 
1 
2 
2 
3 
3 
4 
4 

Sec t ion 
no . 

2 0 - 4 
2 0 - 6 
2 2 - 4 
22 -6 
2 4 - 2 
2 5 - 6 
2 6 - 2 
2 7 - 4 

To ta l no . of g r a i n s 
pe r s ec t i on 

(30-day e x p o s u r e ) 

19,018 
21,625 
23,556 
26,450 
29 ,994 
36,860 
58,908 
84,557 

A m o u n t of H^-
in s ec t i on , dpm 

197 
137 
121 
116 
127 
131 
179 
158 

Ef f ic iency 
g r a i n c o u n t / 3 0 
(dpm • 24 • 60) 

• 100 

0.250 
0.366 
0.444 
0.529 
0.550 
0.652 
0.765 
1.24 

T a b l e 57 g i v e s t h e n u m b e r of l a b e l e d c e l l s p e r s e c t i o n a n d t h e 
m e a n g r a i n c o u n t p e r l a b e l e d c e l l i n t h e v a r i o u s s a m p l e s . T h e m a j o r i t y 
of t h e l a b e l e d c e l l s w e r e found in s m a l l c o l l e c t i o n s of l y m p h o c y t e s in 
p e r i v a s c u l a r a n d p e r i b r o n c h i a l t i s s u e s a n d a m o n g c o n n e c t i v e t i s s u e c e l l s 
in t h e a l v e o l a r s e p t a , e s p e c i a l l y in t h e s u b p l e u r a l r e g i o n s . E p i t h e l i a l 
c e l l s of t h e b r o n c h i a n d e n d o t h e l i a l c e l l s w e r e v e r y r a r e l y l a b e l e d . 

If w e a s s u m e t h a t t h e g r a i n c o u n t s of g r o u p s 2 a n d 3 a r e t h e m o s t 
a c c u r a t e , t h e o v e r - a l l e f f i c i e n c y of t h e s t r i p p i n g - f i l m a u t o r a d i o g r a p h 
w o u l d b e i n t h e o r d e r of 5 p e r t h o u s a n d , t h a t i s e a c h g r a i n a b o v e a l a b e l e d 
c e l l s t a n d s fo r 200 d i s i n t e g r a t i o n s . In a n y c a s e , s i n c e t h e v a l u e s i n t h e 
v a r i o u s g r o u p s a r e w i t h i n a n o r d e r of m a g n i t u d e , i t c a n b e s a f e l y s t a t e d 
t h a t , in a t i s s u e s e c t i o n 3 jti t h i c k , 200 d i s i n t e g r a t i o n s f r o m t r i t i u m a r e 
r e q u i r e d t o y i e l d f r o m 1 to 2 g r a i n s in t h e e m u l s i o n o v e r l y i n g t h e l a b e l e d 
l o c u s . 
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TABLE 57 

Number of labeled cells and mean grain count 
in sections of lungs labeled with tf-thymidine 

Group 
no. 

1 
1 
2 
2 
3 
3 
4 
4 

Section 
no. 

20-4 
20-6 
22-4 
22-6 
24-2 
25-6 
26-2 
27-4 

No. of labeled cells 
per section 

625 
701 
587 
657 
632 
791 
919 

1313 

Mean gra in count 
per labeled cell 

30.4 
30.9 
40.1 
40.3 
47.5 
46.5 
64.1 
64.4 

Discussion 

The exper imenta l e r r o r . The efficiency of an autoradiographic 
technique is affected by a number of factors , among which a r e the auto­
radiographic method used, V-̂ S, loj ĵ̂ g type, energy and angle of incidence 
of the par t i c les , ! " / the speed of the emulsion, ^"/ the latent image fading,!l ' ) 
the desensit izing action that a t i ssue section exer ts over an emuls ionl lo) 
and the effect of staining.\19j 

The meaning of autoradiographic efficiency. Apar t from the previous 
considerat ions, any cor re la t ion between number of gra ins and number of 
t r i t ium atoms in a labeled locus depends at leas t upon another var iable , 
namely the thickness of the t i ssue section. As mentioned above, the auto­
radiographic efficiency descr ibed in this exper iment indicates only the 
number of gra ins developable for a given amount of t r i t ium activi ty in the 
section and does not reflect the t rue efficiency of the emulsion, that is the 
number of developed gra ins per incident /S-particle, Even with miore ene r ­
getic emi t t e r s , only e lect rons emitted in the direct ion of the film can 
possibly be utilized, and a geometr ic efficiency of 50% can be taken as 
maximal . (̂ '"̂ -̂  With t r i t ium the situation is further complicated by the fact 
that par t ic les of average energy (5.7 kev) have a range of only about 1 fi (only 
a very few of the t r i t ium elect rons of energy g rea t e r than the average have 
a range g rea t e r than i [J.): in t i ssue sections s eve ra l mic rons thick, the 
prec ise depth of the radioactivi ty in the section will affect the percentage 
of |3-particles that get through to the sensi t ive emulsion. This decreased 
geometr ic efficiency is i l lus t ra ted graphical ly by the radiat ion isodose 
curves above a point source of t r i t ium constructed by Robertson et al.:^ ' 
the number of e lect rons reaching the emulsion dec rease s with increasing 
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distance and increasing deviation from zero axis . The efficiency of the 
autoradiographic procedure for t r i t ium should va ry inverse ly with the 
thickness of the t i ssue section. 

For these same r easons , however, a 3-jU. section can be considered 
for al l p rac t ica l purposes a section of infinite thickness; that is , although 
the autoradiographic efficiency will dec rease with increasing thickness, 
for any section miore than 3/i thick the number of grains in the stripping 
emulsion will r emain constant if the isotope concentration also remains 
constant. 

The concentration of t r i t ium per labeled nucleus. The re levant 
figures for determiining the amount of thymidine incorporated into a 
single cell and the radiat ion dos imet ry a r e the mean grain count and the 
volume of the nucleus. The number of gra ins above an individual cell is 
determined only in par t by the absolute concentration of t r i t ium in the 
nucleus, and largely by the distance between the nucleus and the emulsion 
and by the a r ea of the nuclear c ross section n e a r e s t to the emulsion. In 
a given cell population, this r esu l t s in a "normal" distribution of individual 
grain counts, where the mode coincides with the mean grain count of the 
population. i4j The mean grain count, then, ref lects , on the average , the 
number of tritiumi a toms disintegrating in each cell nucleus. 

If the values establ ished in the p resen t exper iment a r e accepted, 
namely, that 200 dis integrat ions a r e requi red on the average to activate 
one si lver grain above a labeled nucleus, then, to obtain a mean count of 
30 grains per cell, a total of 6,000 disintegrat ions must occur at each 
locus. Since t r i t ium decays at the ra te of 0.5% per month, 122 x 10 t r i t ­
ium atoms must be present in each locus to provide a mean grain count 
of 30. This, however, is the number of t r i t ium atoms that must be 
p resen t in the volume of a cell nucleus with a thickness of 3/i: assuming 
the nucleus to be a sphere with a mean diameter of 7/i,i'^/ this number 
must be multiplied by 2.3 to obtain the number of t r i t ium atoms present in 
the nucleus of a cel l with a mean grain count of 30. The calculated value 
would then be 2.8 x 10 t r i t ium atoms per nucleus, and this value is appl i ­
cable to any t i ssue section more than 3/i in thickness in which the labeled 
cells have a mean grain count of 30. Our r e su l t s differ by a factor of 8 
fronn. the value es t imated by Lajtha and Oliver: i^/ 3.6 x 10 atoms to 
produce 30 gra ins per cell in a section after 25 days exposure. These 
authors had a s sumed an ove r - a l l efficiency of 2.5% for a section and 5% for 
a smear , in agreement with the efficiency calculated by Hughes,l9; of 1 grain 
per 20 dis in tegra t ions . 

Once the average number of t r i t ium atoms per nucleus can be es tab­
lished from a mean gra in count, the calculations relat ing to the amiount of 
thymidine incorporated and the radiation dose del ivered can easi ly be p e r ­
formed. The number of t r i t ium atoms can be t rans la ted into mic rocu r i e s , 
and, kno"wing the specific act ivi ty of the injected thymidine, into moles 
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incorporated. Similar ly the radiat ion dose in a nucleus with a volume of 
500 jJ. can be calculated from the isodose curves constructed by 
Robertson et a^.,(2^* for t r i t ium, or from the data of Lajtha and Oliver.!^/ 
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DNA SYNTHESIS OF MAMMALIAN KIDNEY CELLS IN TISSUE CULTURE 
AFTER SINGLE AND PERIODIC DOSES OF IRRADIATION 

A. N. Stroud, A. M. Brues , and B. R. Svoboda 

Introduction 

Several studies have been made of the abil i ty of cells in v i t ro to 
synthesize DNA after single doses of i r radia t ion, but little is known about 
the DNA synthesis of cells after repeated doses . Some investigations have 
shown that DNA synthesis is inhibited following i r radia t ion, !1~°/ while 
others have shown an appreciable increase . (9-12) This study will show a 
marked difference in the abili ty of two mammal ian kidney cell lines from 
unrelated species and of different chromosome number to utilize t r i t ia ted 
thymidine in the synthesis of DNA, both under no rma l conditions and follow­
ing single or periodic exposures to X- i r rad ia t ion . Thymidine uptake was 
measured in a near - t e t rap lo id Rhesus monkey kidney-cel l line and in a 
diploid pig kidney-cel l line. 

The data will show that under the exper imenta l conditions of t i ssue 
culture an establ ished monkey kidney cel l line ut i l izes t r i t ia ted thymidine 
at a very low ra te , that the ra te of uptake is ma te r i a l ly inc reased by i r r a ­
diation, and that pig kidney cells behave in a ve ry different manner . 

Mater ia ls and Methods 

The monkey kidney cell line (Melnick s t ra in) has been maintained 
in our labora tory for over 2 yea r s on 70% Morgan 's 199 synthetic nutr ient , 
20% bacto- t ryptosephosphate broth, and 10% calf se rum. We have es tab ­
lished that the cell s temline is sub- te t raploid with a range of 76 to 78 
chromosomes . The pig kidney cell, a diploid line, has a s temline number 
of 37 chromosomes . It is maintained on 95% Morgan 's 199 synthetic nut r ient 
and 5% calf se rum. The chromosome karyotype has remained constant 
during the 11 months in our laboratory. 

The procedures for prepar ing cul tures for the exper iments de­
scr ibed in this paper were as follows. Monolayers of cells from ei ther 
s t ra in growing in stock bottles were t rypsinized (monkey) or v e r s e n e -
t rypsinized (pig) for 15 min at 37*C with a 0.25% solution. An aliquot of 
the cell suspension was counted with the Coulter e lectronic cell counter 
according to the method of H a r r i s l l ^ ) and Peacock,(14) to es t imate the 
total number of ce l l s . A nutr ient solution containing a known number of 
cells was prepared in growth nutrient . The culture v e s s e l used throughout 
the exper iments was the Leighton tube into which 1 to 2 x 10 cells were 
t r ans fe r red . Duplicate or t r ip l ica te samples were p repared for each type 
of observation on each exper imenta l group. For studying the incorporat ion 
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of t r i t ia ted thymidine, Leighton tubes containing glass coversl ips ( l 0 x 3 5 m m ) 
were used to facilitate autoradiography, and for estimating total cell number 
the same type of tube was used without a covers l ip . 

I r radia t ion of the cul tures began 18 hr after subcultivation. A 2 5 0 k v p -
30 ma X- ray machine with a half-value layer of 0.9 mm Cu and a 0.25 m m Cu 
and 1.0 m m Al filter was employed. The tubes with cells and nutrient were 
placed 65 cm from the X- r ay tube and a r ranged radial ly on a rotating disk. 
The dose r a t e in a l l cases was 100 r/miin and the doses employed were 200, 
500 and 1000 r. 

In the case of the monkey kidney cel ls , where periodic radiation was 
used, cell cul tures were permit ted to recover from the first , second, or third 
X- ray dose; they were then pooled one week after radiat ion and t r ans fe r r ed 
to individual stock bottles until repeti t ion of the i r radia t ion 3 weeks la te r . 
Three main exper imenta l groups a r e designated as follows: Group I consisted 
of cel ls given a single dose of i r radia t ion. Group II consisted of cells from 
group I given a second dose of radiat ion. Group III were cells establ ished 
from group II which were given a third dose of X-ray. Group lA rep resen ted 
a second s ingle-dose exper iment using cells of an unrelated subculture but 
from the same s temline . The same culturing procedures were followed for 
the uni r radia ted control ce l l s . 

The t r i t ia ted thymidine solution (Schwartz) used throughout the 
exper iment was 1.0 m c / m l solution with a specific activity of 0.36 c /mM. It 
was prepared in Morgan 's 199 nutr ient to the des i red concentration. At the 
specified in terval of t ime after i r radia t ion, 0.5 /ic of t r i t ia ted thymidine was 
added to each of 2 or 3 culture tubes of each exper imenta l group. These 
tubes were then incubated for 20 or 30 min only, at 37®C, after which the 
thymidine solution was removed and the covers l ips with cells at tached were 
washed with Tyrode ' s solution, fixed in Carnoy 's fluid, and stored in 70% a lco­
hol until the end of the exper iment when a l l the covers l ips were stained with 
Feulgen. Immediately following staining, Kodak AR-10 stripping film was 
applied to each covers l ip , which had been previously mounted to a g lass slide. 
After 14 days, the films were developed, washed, a i r - d r i e d and mounted on 
g lass sl ides for microscopic observation. 

The number of cells with labeled nuclei above the background of 
4 gra ins was determined from 2 or 3 samples which included a total of 
500 to 2000 nuclei . F r o m these same samples the number of mitotic figures 
was recorded and classif ied according to s tages of mi tos i s . A few grain 
counts were made on represen ta t ive ly labeled cells in each case . 

An es t imat ion of the total cell population was miade on unir radia ted 
and i r rad ia ted cells growing in Leighton tubes with the Coulter Counter. 
Individual cells a r e enumerated by this method after ve r sene trypsinizat ion. 
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The preparat ion of chromosomes for karyotype analysis was by the 
smear or a i r - d r y method of Hsu.(15) A chromosome analysis was made 
on cells 2 days after they had been subcultured to insure a high mitotic 
index, but a month after i r radiat ion. Chromosome identification was made 
on metaphase spreads . 

Results 

Monkey Kidney Cells 

The extent of the incorporation of t r i t ia ted thymiidine by nuclei of 
control and i r rad ia ted monkey kidney cells during a period of 8 days after 
subcultivation and 6 days after 0 r, 500 r and 1000 r is shown in t e r m s of 
the mean percentages of cells labeled (Table 58). The data for the normal 
monkey kidney cells show an initial high ra te of incorporation (7-19%) of 
t r i t ia ted thymidine 18 to 24 hr after subcultivation (with the exception of 
group III), followed by a sharp decrease by 42 hr and a leveling at about 
4% thereafter . The peak of incorporation at 24 hr could reflect a synchro­
nous cell population appearing 8 to 10 hr after trypsination and subcultiva­
tion. To examine this, hourly determinations of the mitotic indices were 
made for 10 hr after subcultivation. It was found that within 2 hr the 
mitotic index dropped from 3.5% to 0.5% or less and al l cells in nnitosis 
eventually disappeared. About 10 hr after subcultivation there was a 
marked increase m mitotic figures^indicating that the cells were in a 
phase of synchrony which lasted for about 24 hr. After the initial uptake 
in al l 4 control groups, the cells incorporated t r i t ia ted thymidine at a s u r ­
prisingly low rate as compared to the control pig kidney cel ls . 

TABLE 58 

Mean percentage of monkey kidney cells labeled by tritiated thymiiiine and percentage of cells m mitosis at various times after irradiation 

Hours 
after 

irradiation 

0 
6 

24 
48 
72 

144 

Group I 

Percent labeled 

Control 

70 
19 2 
27 
28 

26 

500 r 

70 
83 
93 

16 2 

03 

1000 r 

70 
15 8 
05 
06 

<01 

Percent mitosis 

Control 

25 
30 
20 
20 

18 

500 r 

25 
08 
53 
31 

30 

lOMr 

25 
05 
15 
71 

<01 

Group H 

Percent labeled 

Control 

70 
74 
11 
09 
05 

500 r 

70 
12 8 
no 
15 8 
83 

Percent mitosis 

Control 

30 
25 
13 
12 
10 

500 r 

30 
<01 

40 
29 
28 

Group H I 

Percent labeled 

Control 

07 
10 

12 0 
10 
36 
01 

500 r 

07 
14 

13 3 
15 2 
26 6 
08 

Percent mitosis 

Control 

07 
10 
25 
15 
29 
12 

500 r 

07 
14 
33 
10 
09 
05 

Group IA 

Percent labeled 

Control 

114 
43 
28 
28 
92 

500 r 

26 
17 5 
191 
26 
03 

Percent mitosis 

Control 

15 
14 
37 
21 
07 
23 

500 r 

15 
05 
43 
17 
22 
04 

Irradiat ion of the monkey kidney cells increased the number of 
cells incorporating tr i t iated thymidine. After a single or repeated dose of 
500 r to the cells , uptake by groups lA and III decreased at 6 hr after 
i rradiat ion; this was not seen in groups I and II. In al l 4 i r radia ted groups 
incorporation was markedly increased at 24 hr, and utilization of t r i t ia ted 
thymidine continued at a high level. This high incorporation ra te relat ive 
to that of the controls pers i s ted for 48 hr after i r radiat ion but fell to con­
t ro l values or less by 72 and 144 hr after i r radiat ion. The delay in the 
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inc rease in cells incorporating t r i t ia ted thymidine in group III (both controls 
and exper imentals) is not understood, but it is noted that mi tos is in this 
group is a lso re tarded, suggesting a metabolic delay, possibly due to t r e a t ­
ment with t rypsin, or to other physicochemical d is turbances . 

The mean mitotic index for al l four control groups during the 144-hr 
exper iment averaged 2%; however, after repeated doses of 500 r a sharp 
dec rease to 1% or less was followed by a marked inc rease of mitotic cells 
24 and 48 hr after i r radia t ion. This increase r ep re sen t s cells that were 
delayed in mi tos i s , and includes a preponderance of abnormal mitotic figures. 
It is noted that the mitotic index dec reases 48 hr after i r radia t ion and that 
the r a t e is dependent on the number of doses given. 

Pig Kidney Cells 

The incorporat ion of t r i t ia ted thymidine by the pig kidney cells is 
shown in Table 59, as the mean percentage of labeled cells after subcultiva­
tion and i r radia t ion . Unlike the monkey kidney cel ls , the no rma l pig kidney 
cells incorporated t r i t ia ted thymidine at a high level (35%) over a 6-day 
period. The initial high uptake of thymidine in both the controls and the i r r a ­
diated cells was s imi lar to that observed in the monkey kidney cel ls . After 
exposure of the cells to a single dose of 200 r, 500 r, or 1000 r, the incorpo­
rat ion of thymidine decreased to 30% of the control values by 24 hr in al l 
i r r ad ia ted groups and did not r e tu rn to control values even by the 6th day 
after i r radia t ion . 

TABLE 59 

Mean percentage of pig kidney cells labeled and percentage of cells 
in mi tos is after exposure to t r i t ia ted thymidine 

at var ious t imes after i r radia t ion 

Hours 
after 

i r rad ia t ion 

(Subcul­
tivation)* 

0 
6 

24 
48 
72 

Pe rcen t labeled 

Control 

32.8 
43.6 
32.1 
28.6 
23.0 
41.0 

200 r 

32.8 
43.6 
40.9 
11.6 
17.7 
20.0 

500 r 

32.8 
43.6 
39.2 

8.0 
19.5 
2.5 

1000 r 

32.8 
43.6 
31.1 

9.5 
12.4 
0.1 

Pe rcen t mitosis 

Control 

4.9 
3.0 
2.9 
1.8 
1.2 
2.0 

200 r 

4.9 
3.0 
0.6 
4.8 
1.0 
1.4 

500 r 

4.9 
3.0 
0.2 
8.6 
4.2 
4.2 

1000 r 

4.9 
3.0 

<0.1 
3.6 
6.6 

<0.1 

Time of t ransplantat ion, 18 hr before i r radia t ion. 
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The mean percentage of pig kidney cel ls in mi tos is after X- i r rad ia t ion 
is shown in Table 59- An average of 2% of the cells were in mi tos i s during 
the 6-day period. As in the monkey kidney cel ls , i r rad ia t ion of pig kidney 
cells resu l ted in a marked dec rease in mi tos i s to less than 1% in al l 3 groups 
at 6 hr after i r radiat ion, followed by a sha rp inc rease noted at 24 hr . The 
maximum inc rease after 500 r was seen 24 hr after i r radia t ion, and after 
1000 r, at 48 hr; 72 hr after 1000 r, no mi toses were seen. The mitotic cells 
were preponderant ly abnormal . 

Population Studies 

Population growth data for no rma l and i r r ad ia ted pig kidney cells 
a r e shown in Table 60. The initial inoculum for each tube was 6 x 10^ ce l l s . 
At the t ime of i r radiat ion, two days after subcultivation, the cel l population 
had increased to 2.4 x 10^ cells as de termined by the Coulter Counter.'•^^'•^'^^ 
The control cells exhibited a nea r ly exponential inc rease over a 6-day period 
with a doubling t ime of 1.15 days (27.6 hr) and then reached an asymptote . 
After 200 r there was a slight delay in cel l growth during the second day, 
after which the growth ra t e was para l le l to that of the controls . After 500 r 
the population decreased gradual ly beginning 2 days after i r radia t ion, but by 
the 6th day the cell population was on an inc rease ; during this period inhibi­
tion of mi tos i s appears to play a major ro le and cell death a minor one. 
Following 1000 r a marked dec rease in the growth curve began at 2 days 
after i r rad ia t ion and continued without r ecovery . 

TABLE 60 

Total number of cells in pig kidney cul tures following i r rad ia t ion 
(mean of 3 cul tures) 

Days after 
X- ray 

(Subcultivation)* 
0 
1 
2 
3 
4 
6 

12 
14 

Cells X 10^ 

0 r 

0.06 
0.24 
0.60 
1.10 
1.92 
3.99 
7.26 

16.50 
17.60 

200 r 

0.06 
0.24 
0.60 
0.87 
1.45 
2.22 
6.64 

15.70 
14.30 

500 r 

0.06 
0.24 
0.61 
0.76 
0.70 
0.54 
1.72 
6.22 
7.64 

1000 r 

0.06 
0.24 
0.66 
0.59 
0.47 
0.18 
0.25 
0.23 
0.17 

* 18 hr before i r rad ia t ion 
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Grain Counts 

Approximate grain counts were made, under identical conditions of 
exposure, in represen ta t ive cells in mos t of the exper iments . These indi­
cate the r a t e at which the labeled cells a r e taking up thymidine in synthesis 
of DNA. Such counts a r e n e c e s s a r y in order to detect differences in ra te 
of uptake since a prolonged synthetic phase would inc rease the proport ion 
of cells labeled, but this would occur concomitantly with a dec rease in 
average grain count at a given synthetic r a t e . 

Unirradiated pig kidney cel ls showed, at the 6-hr period, average 
gra in counts of about 50; at 24 hr, about 100; and at 48 hr, about 35. These 
counts a r e substantial ly higher than any made on the monkey kidney, which, 
if conditions were identical, might have been expected to have higher grain 
counts per cell due to higher DNA content. Unirradiated monkey kidney 
cells showed counts between 10 and 20 at al l t ime in tervals ; after 100 r, 
about the same; after 500 r, 20 to 30 at 24 and 48 hr and 12 to 15 at 6 hr; 
and after 100 r, 15 at 6 and 24 hr . It seems clear from this that grain 
counts ran para l le l to percentages of labeled cel ls , while if the percentage 
had reflected different r a t e s of synthesis alone, the grain counts would have 
been inverse ly re la ted to percentages of labeled cel ls . 

Chromosome Karyotypes 

Monkey kidney cells that had recovered from three repeated doses 
of 500 r were cloned one month after the third dose of radiation. A few 
of the clones were isolated for study of their chromosome karyotypes, 
taken at metaphase , by the chromosome smear technique.^•^•'/ Among the 
abnormal i t ies were chromatid and chromosome breaks , deletions, chromatid 
exchanges, chromosome exchanges and minute f ragments . A chromosome 
m a r k e r with chromat ids from a non-homologous chromosome was seen in 
many of the cel ls from the same clone, indicating pers i s t ence and duplica­
tion of this type of abnormal i ty through many cell divisions. The t ime at 
which this and other abnormal i t ies a ro se is not known since the cells were 
studied only at one month after the third dose of i r radia t ion. 

Pig kidney cel ls were cloned one month after a single dose of 500 r . 
Chroinatid and chromosome b reaks , invers ions , deletions, i so-chromat id 
exchanges, chromat id exchanges, chromosome exchanges and other abnor­
mal i t ies were seen. Radiation damage appeared to be more severe after 
one single dose of 500 r than that seen in the monkey kidney cel ls after 
3 doses of 500 r given 1 month apar t . In one pig kidney cell as many as 
two single chromat id b reaks , chromat id exchanges, and deletions were 
observed. Such abnormal i t ies were mos t often seen in cells which had 
become polyploid. The occur rence of a chronnosome with chromat ids 
from a non-homologous chromosome s imi la r to that seen in the monkey 
kidney cel ls was pe r s i s t en t in diploid cells and was isolated from one of 
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the clones whose initotic cells ca r r i ed the var iant . I his type of m a r k e r was 
described by Ruddlel^o) ij-̂  ^j^^ same cell line after sublethal doses of i r r a ­
diation The appearance of anaphase br idges with loss of chromosome 
fragments at anaphase was a common occur rence . Many abnormal metaphase 
s t ruc tures appeared as well. 

Discussion 

The difference in the abili ty of two types of mammal ian kidney cell 
growing in v i t ro to incorpora te t r i t ia ted thymidine under the conditions of 
these exper iments might be explained on the bas is of a biochemical differ­
ence. Since the no rma l monkey kidney cells utilize thymidine at a ve ry low 
ra te during DNA synthesis , it is apparent that they use a different metabolic 
pathway for DNA synthesis than the normal pig kidney ce l l s . It is possible 
that the monkey kidney cells make thymidine de novo for DNA synthes is . 
The fact that after three doses of 500 r they incorporated t r i t ia ted thymidine 
at a high ra te compared to their controls , indicates that the i r rad ia ted cells 
a r e using exogenous thymidine for DNA synthesis . If this is so there must 
be a blocking of some key enzyme sys tem n e c e s s a r y for de novo synthesis of 
DNA after i r radia t ion . It is possible that the init ial i nc rease in thymidine 
incorporat ion by the no rma l monkey kidney cells may be dependent on a 
shifting of the in t e rmed ia ry pathway for de novo synthesis of DNA, due to 
subcultivation and synchrony of the cel ls , while la ter , the cells may show 
a decrease in uptake due both to a r evers ion to de novo DNA synthesis and 
to loss of the synchrony Painter and Robertson(lO) repor ted an inc rease 
above controls in the labeling of HeLa S3 cells during the f i rs t few hours 
after i r radia t ion, followed by a fall in the percentage of labeled cel ls below 
normal 24 hr after i r rad ia t ion . 

Exper iments were conducted to de te rmine whether the concentrat ion 
of t r i t ia ted thymidine (0 .5 / i c /ml ) , the specific activi ty of 0.36 c /mM, or 
the length of t ime the t r i t ia ted thymidine solution remained on the ce l l s , 
were sufficient to label no rma l monkey kidney ceil nuclei proper ly . Expo­
sure of the cel ls to 1/Jc/ml (3.6 c /mM) in Morgan 's 199 nutr ient for 
I f hr (lO t imes that used originally) resu l ted in no change in the uptake of 
the label Likewise, if the labeled thymidine were diluted in the complete 
basic nutr ient or in Eagle ' s nutr ient which contains no thymine, there was 
no difference in labeling. To ensure that r emova l of the unlabeled nutr ient 
and addition of fresh nutr ient with label did not a l te r the uptake of the label, 
concentrated or par t ia l ly concentrated t r i t i a ted thymidine (0.5 / ic /ml) was 
added di rect ly to the unlabeled nutrient; no change in incorporat ion was 
observed. 

In con t ras t to the monkey kidney cel ls the no rma l pig kidney cel ls 
incorporated labeled thymidine at a level of 30 to 40%, which would be 
expected at the concentrat ions and specific act ivi ty employed. However, 
the i r rad ia ted cells showed a high ra t e of thymidine incorporat ion only 
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initially, a fact that could also be explained on the bas i s of cells in 
synchrony after subcultivation. The marked reduction of mi tos is 6 hr 
after i r radia t ion was not paral le led by a reduction in the number of cells 
labeled at this t ime, but at 24 hr after i r radia t ion, the number of cells 
labeled in any i r radia t ion group fell to one- third of the controls . Mitotic 
figures increased markedly at 24 hr after i r radia t ion, as a resu l t of delay 
of cells in mi tos is due to radiat ion damage.l^.-17-19) There was no r e duc ­
tion in the growth curve 24 hr after i r radiat ion; the doubling t ime (18 hr) 
for al l the i r rad ia ted cel ls was the same as for the controls during this 
t ime, indicating that the cells were able to go through one division, 
r ega rd l e s s of the stage in the mitotic cycle in which they were i r rad ia ted . 
Injury to the mitotic apparatus of the dividing cells is manifested 48 hr after 
i r radia t ion in the growth curves , which decline in a l l th ree i r rad ia ted 
groups . 

Cells recover ing from the highest dose of i r rad ia t ion were sub-
cultured for further study. After a single dose of 1000 r to the monkey 
kidney cells the incorporat ion ra te of the label was high, as it was after 
500 r, but after a second dose given one month la ter there was only a 
t rans ient i nc rease in the percentage of labeling with a dec rease by 24 hr . 
The nuraber of cells was few and 2 or 3 weeks la ter there were no s u r ­
v ivors . In the case of the pig kidney cells we were unable to give a 
second dose of 1000 r as there were no survivors 4 weeks after i r radia t ion. 
Also, it is occasionally impossible to c a r r y surv ivors through a second 
subcultivation and i r rad ia t ion after a single dose of 500 r . It appears 
that the pig kidney cells a r e more radiosensi t ive than the monkey kidney 
cells although the dec rease in cel l number in cul tures that have r e sumed 
growth after a few days suggests that the LDsg is about the same for the 
two cell types. The g rea t e r sensi t ivi ty of the pig cells is supported by the 
fact that they exhibit a l a rge r number of chromatid b reaks , deletions, i so -
chromatid exchanges, etc . , at one month after a single dose of 500 r . 
Fewer of these abnormal mitotic figures a r e observed even after 3 doses 
of 500 r to the monkey kidney ce l l s . Whether this may be due in par t to 
recovery , by elimination of cells damaged by the f i rs t i r radiat ion, r emains 
to be verified. It seems possible that this p rocess might be facilitated in 
the monkey cel ls , which have a l a rge r complement of chromosomes . 

It is conceivable that var ia t ions in the proport ion of labeled cells 
might indicate differences in the ra te of DNA synthesis , in which case a 
higher percentage of labeled cells might indicate a slower buildup of 
DNA during the synthetic phase, which was thereby prolonged. This seems 
to be negated by the fact that grain counts r an para l le l to the proport ion of 
cel ls labeled, being higher in the case of the pig kidney cel ls , lower in the 
uni r radia ted monkey kidney cel ls , and higher in the lat ter after i r radiat ion. 

The product of the grain counts and the proport ion of labeled cel ls , 
gives the r a t e of average synthesis of DNA per cel l in the cul tures ; it 
ranged from 7.4 to 27.6 in the uni r radia ted pig cel ls ; 2,3 at 6 hr and 
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0.51 or l ess at 24 hr and la ter in uni r radia ted monkey cel ls ; and 2.6 to 
5,3 at the 24- and 48-hr per iods after i r radia t ion of these cells at 
500 r . 

One possible difference between diploid and tetraploid cells should 
be mentioned. Hauschka et a l . 1^0) have shown that a tetraploid asc i tes 
tumor grows, in its la ter s tages , at about one-half the ra te of the cor respond­
ing diploid since the growth is l imited by the m a s s of tumor ra ther than by 
the cell number, and that the duration of mi tos is is prolonged as well as the 
duration of the intermitot ic period; while this may also be t rue under the 
conditions of t i ssue culture, it can hardly account for the dec reased ra te of 
synthesis , both by individual cells and on the basis of the number of cells 
synthesizing DNA at a given t ime . 

For normal growth, the monkey kidney has a requ i rement that the 
pig kidney does not, which is supplied by the addition of bac to- t ryptose 
phosphate to its growth medium. The possibil i ty that this ma te r i a l may 
ei ther be protective against radiat ion or that it may be required for r e ­
covery of i r rad ia ted cells might explain the difference in response of the 
two types of cel ls , and this is now being invest igated. 

Summary 

The effect of i r rad ia t ion upon the uptake of t r i t i a ted thymidine by 
cells Jji v i t ro has been investigated, employing a pig kidney cell and a 
monkey kidney cell s t r a in . 

The two s t ra ins exhibit marked differences in thymidine uptake 
both in the uni r rad ia ted state and after i r rad ia t ion . Thirty to forty pe r ­
cent of the pig cells incorporate thymidine and this ra te of incorporat ion 
continues for severa l days after subcultivation; after i r radia t ion , the 
extent of thymidine incorporat ion is reduced in relat ion to the X- r ay dose 
(between 200 and 1000 r ) . Only a smal l percentage of monkey cells 
incorporate thymidine except for a period in the f i rs t day of subcultivation 
which may r ep re sen t a period of synchrony or of recovery from injury of 
handling; on the other hand, these cells a re proliferat ing at about the same 
ra te as the pig ce l l s . When the monkey cells a r e i r rad ia ted , they show a 
sharp inc rease in the percentage of labeling, which continues for severa l 
days . It is suggested that normal DNA synthesis in the monkey cells 
involves some a l te rna te pathway of DNA synthesis not util izing exogenous 
thymidine, but a _de novo synthesis of DNA, and that a radiat ion-induced 
block of that pathway resu l t s in util ization of the labeled thymidine by the 
ce l l s . 
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The pig cells a r e diploid and the monkey cells a r e sub-tetraploid. 
The pig cells a r e more radiosensi t ive , perhaps on this account; cul tures 
of these cells fail to grow after a second i r radia t ion with 500 r while 
the monkey cells grow well after th ree such i r rad ia t ions . Alternat ive 
explanations of the differences in radiosensi t ivi ty a r e under consideration. 
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