
ference in staining quality, as com- 
pared with control preparations. This 
type of change is sometimes associated 
with decreased robustness of cells un- 
der unfavorable culture conditions. 

When the Schmidt-Ruppin virus was 
concentrated by ultracentrifugation so 
that 2 X 106 focus-forming units 
(FFU) of virus were added to the 
culture containing approximately 2.25 
X 106 cells, there was mitotic inhibi- 
tion to a degree that prevented chro- 
mosome analysis. On two occasions 
serial titrations of the leukocyte cul- 
ture fluids after virus addition revealed 
no evidence of virus multiplication. 
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molecular oxygen. 

The radiation-induced destruction of 
amino acids in solid proteins has been 
described by Alexander and Hamilton 

(1) and by Bowes and Moss (2) as 
not being significantly greater under 

oxygen than in a vacuum. However, 
neither of these studies was under- 
taken to determine optimum conditions 
for radiation-chemical reaction in a 

heterogeneous peptide-oxygen system; 
in the one study the dose rate was con- 
fined to the relatively high value of 
about 5 X 1022 ev g-' min-', and in the 
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other the solids were irradiated in a 

nondispersed form. We have, therefore, 
re-examined this question by irradiating 
-as highly dispersed fluffs (3)-a poly- 
peptide, gelatin, and a polyamino acid, 
poly-D,L-alanine, in a vacuum and in an 

oxygen atmosphere under y-rays at the 

relatively low dose rate of 1 X 1016 ev 
g-l min-1. 

The very striking results are the re- 

markably high G values (see Table 1) 
for oxygen uptake and for oxidative 

degradation of both gelatin and poly- 
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Table 1. Product yields in the y-radiolysis of gelatin and poly-D,L-alanine in the solid state. 
A, irradiated in a vacuum and then exposed to oxygen prior to chemical manipulation. 
B, irradiated in oxygen at a pressure of 50 mm-Hg. The dose was 1.44 X 1020 ev/g. G - mole- 
cules per 100 ev absorbed energy. 

G-values 

>C=O NH3 CO2 -02 

A. Evacuated 
Gelatin 2.3 ? 0.3 8.1 ? 0.5 0.63 ? 0.03 

Poly-D,L-alanine 4.8 + .3 5.6 + .3 .41 ? .01 

B. Oxygen atmosphere 
Gelatin 17.9 ? 0.9 42.1 ? 1.8 15.7 ? 3.0 72.7 ? 0.5 

Poly-D,L-alanine 24.3 + .7 30.9 ? 1.7 33.8 ? .5 52.3 ? .9 
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D,L-alanine. Chemical analysis of the 
irradiated peptides after a 3-hour pe- 
riod of hydrolysis in 2N hydrochloric 
acid established that ammonia and a- 
ketoacid or acids were principal degra- 
dation products. The quantitative pro- 
cedures were those developed in our 
previous studies of the radiolytic oxida- 
tion of polypeptides in aqueous solu- 
tion (4). Oxygen uptake and carbon 
dioxide production were followed by 
mass spectrometry. The observed 
G(-02) values correspond to an en- 
ergy requirement of only 1.5 and 2.0 
ev per molecule of oxygen removed by 
gelatin and poly-D-L-alanine, respec- 
tively. 

The magnitude of these G values 
prompted us to give particular attention 
to the quantitative basis of such reac- 
tions. Dose is determined by extrapola- 
tion on the basis of the ratio of the 
electron densities of the solids and 
the Fricke dosimeter (5). The validity 
of the extrapolation for the low-density 
solids and for the geometries used here 
was established experimentally in a 
series of control experiments in which 
the density and the volume of the irra- 
diated samples were varied from about 
0.025 to 0.6 g/cm3 and from 1 to 80 
cm3, respectively. The possibility that 
not all of the observed chemical change 
arises as a result of the direct action of 
the radiation on the polypeptides was 
also examined in some detail. The fact 
that the degradation yields in oxygen 
are independent of pressure from 650 
mm down to 20 mm as shown in 
Table 2 indicates that energy absorp- 
tion by oxygen is not a major contrib- 
uting factor. At 20 mm pressure, the 
oxygen in the gas phase plus that ab- 
sorbed on the solid peptide represents 
less than 1 percent of the mass of the 
total sample (6). The possibility that 

part of the energy absorbed by the 
pyrex cell is transferred to the peptide 
through excited states of oxygen is 
negated by the observed pressure inde- 

pendence and by the observation that 
addition of a glass-fiber plug above the 

peptide sample does not result in any 
change in the degradation yields. There 
is also the question whether or not the 
amide and carbonyl yields given in 
Table 1 include some contributions 
from "dark reactions" induced in the 

hydrolysis. Both peroxides and car- 

bonyl compounds, for example, are 

D,L-alanine. Chemical analysis of the 
irradiated peptides after a 3-hour pe- 
riod of hydrolysis in 2N hydrochloric 
acid established that ammonia and a- 
ketoacid or acids were principal degra- 
dation products. The quantitative pro- 
cedures were those developed in our 
previous studies of the radiolytic oxida- 
tion of polypeptides in aqueous solu- 
tion (4). Oxygen uptake and carbon 
dioxide production were followed by 
mass spectrometry. The observed 
G(-02) values correspond to an en- 
ergy requirement of only 1.5 and 2.0 
ev per molecule of oxygen removed by 
gelatin and poly-D-L-alanine, respec- 
tively. 

The magnitude of these G values 
prompted us to give particular attention 
to the quantitative basis of such reac- 
tions. Dose is determined by extrapola- 
tion on the basis of the ratio of the 
electron densities of the solids and 
the Fricke dosimeter (5). The validity 
of the extrapolation for the low-density 
solids and for the geometries used here 
was established experimentally in a 
series of control experiments in which 
the density and the volume of the irra- 
diated samples were varied from about 
0.025 to 0.6 g/cm3 and from 1 to 80 
cm3, respectively. The possibility that 
not all of the observed chemical change 
arises as a result of the direct action of 
the radiation on the polypeptides was 
also examined in some detail. The fact 
that the degradation yields in oxygen 
are independent of pressure from 650 
mm down to 20 mm as shown in 
Table 2 indicates that energy absorp- 
tion by oxygen is not a major contrib- 
uting factor. At 20 mm pressure, the 
oxygen in the gas phase plus that ab- 
sorbed on the solid peptide represents 
less than 1 percent of the mass of the 
total sample (6). The possibility that 

part of the energy absorbed by the 
pyrex cell is transferred to the peptide 
through excited states of oxygen is 
negated by the observed pressure inde- 

pendence and by the observation that 
addition of a glass-fiber plug above the 

peptide sample does not result in any 
change in the degradation yields. There 
is also the question whether or not the 
amide and carbonyl yields given in 
Table 1 include some contributions 
from "dark reactions" induced in the 

hydrolysis. Both peroxides and car- 

bonyl compounds, for example, are 
known to degrade amino acids by way 
of the Strecker reaction, with the for- 
mation of ammonia under certain con- 
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Table 2. Effect of oxygen pressure on prod- 
uct yields in the Y-radiolysis of gelatin. The 
dose was 1.44 X 1020 ev/g. G is the number 
of molecules per 100 ev absorbed energy. 

~Pressure G-value 
Pressure 
(mm-Hg) >C=O NH, -02 

20 17.9 + 0.9 42.1 ? 1.8 70.8 
50 18.8 ? 0.9 42.5 - 2.0 72.4 ? 0.5 

600 16.4 -- 1.0 40.0 + 2.5 

ditions (7). We found, however, in a 
series of controls that added hydrogen 
peroxide, organic peroxides, and car- 
bonyl compounds (in amounts corre- 
sponding to G of about 40) do not lead 
to oxidation of the peptide chain under 
the conditions of acid hydrolysis em- 
ployed. We also found that treatment of 
the irradiated polypeptide with 0.1N 
Na2SO3 for the purpose of destroying 
peroxides prior to hydrolysis does not 
lead to any diminution in the yields of 
product. These findings are in accord 
with earlier observations (4) on the neg- 
ative role of dark reactions in the chem- 
ical determination of radiation-induced 
oxidation in aqueous peptide systems. 

Through the use of molecular oxygen 
and other radical scavengers it has been 
established that the energy required to 
produce a chemically detectable radical 
pair in the y-radiolysis of organic sub- 
stances in a condensed phase at room 
temperature is ordinarily greater than 
about 15 ev (8). It is apparent then 
that the removal of oxygen at an en- 
ergy expenditure of only 1.5 to 2.0 ev 
per molecule as observed implies that 
a radical chain oxidation is involved or 
that low-lying excited states are pro- 
duced, and that such states are chemi- 
cally quenched by molecular oxygen. 
The production of ammonia and car- 
bonyl products in the radiolysis of 
gelatin and polyalanine under oxygen 
can be formulated as a chain oxidation 
in which the C-H bond in the a posi- 
tion to the peptide group represents the 
locus of chain propagation. The pre- 
liminary stages of the reaction involve 
the radiation-induced step (9). 

RCONHCHR2 -------- RCONH + CHR2 
(1) 

followed immediately by the hydrogen 
abstraction reactions 

RCONH + RCONHCHR2 - - 

RCONH2 + RCONHCR2 

CHR2 + RCONHCHR2 -> 
CH2R2 + RCONHCR2 

9 OCTOBER 1964 

where RCONHCR2 corresponds to the 
stable long-lived radical species detected 
in irradiated peptides at room tempera- 
ture by electron spin resonance meth- 
ods (10). Reactions 2 and 3 are char- 
acteristic of the common susceptibility 
of peptides to radical attack at the a- 
carbon position (4): 

R' + RCONHCHR2 ---> 

R'H + RCONHCR2 (4) 

The peptide radicals react with oxygen 
to form peroxy radicals by way of 

02 + RCONHCR2 -> RCONHC(02)R2 
(5) 

or 

02 + RCONHCR2 > 

RCON==CR2 + HO2 (6) 

and further reaction of the radical prod- 
ucts of reactions 5 and 6 with the labile 
C-H bond of the peptide molecule 
would then lead to chain propagation 
and, after dissolution, to formation of 
ammonia and carbonyl products. 

RCONHC(OOH)R2 + 2H20 - 
RCOOH + NH3 + R2CO + H202 (7) 

RCON=CR2 + 2H20 - 
RCOOH + NH, + R2CO (8) 

The terminating step of the oxidation 
chain would be of the type 

RCONHC(6O)R2 + HO2 ---> 
RCONHC(OOH)R2 + 02 (9) 

From the G values for ammonia and 
carbonyl given in Table 1, Expt. A, 
it appears that the stable long-lived 
RCONHCR2 radicals in gelatin and 
poly-D,L-alanine after radiolysis in a 
vacuum do not initiate chain oxidation 
during the exposure to oxygen after 
irradiation. On the basis of the radical 
chain mechanism discussed here, the 
explanation seems to lie in the fact that 
the instantaneous concentration of per- 
oxy radicals produced on exposure of 
the already irradiated peptides to oxy- 
gen under condition A is very much 
higher than under condition B, in which 
the peptide radicals are produced in 

OH 

--NH~-C-=C-NH-- + 02 

R 

(2) 

(3) 

the presence of oxygen over an irradia- 
tion period of some 40 hours. Hence 
under condition A the peroxy radicals 
are preferentially removed by way of 
the radical-radical interactions that are 
operative as the chain-terminating step 
under condition B. 

While a radical chain mechanism 
does appear to explain satisfactorily the 
yields of ammonia and carbonyl func- 
tion observed in the radiolysis of poly- 
peptide fluffs under oxygen, we have 
been unable on the basis of a chain 
mechanism to account for the produc- 
tion of carbon dioxide as a major deg- 
radation product. In fact, the very 
preferential effect (Table 1) of an oxy- 
gen atmosphere on yields of carbon 
dioxide suggests that the formation of 
this product occurs by some other 
mechanism. It has already been pro- 
posed (11) that delocalization of the 
,r electrons of the extended hydrogen 
bond system of polypeptides gives rise 
to excited states of the peptide aggre- 
gate and that these excited levels are 
1.5 to 3 ev above the ground state. 
Mason (12) treats ,r-electron delocali- 
zation in peptides as a triplet-state ex- 
citation which is assumed to involve 
enolization of the peptide bond, that is, 
-C(OH)=-N- or -C(R)=C(OH)- 
NH- or both. Such states would not 
lead to net chemical change in the 
radiolysis of peptides in a vacuum. 
However, in the presence of molecular 
oxygen we envisage a chemical quench- 
ing of the triplet excited state accord- 
ing to reactions 10 and 11 (Fig. 1), 
where carbon dioxide is derived from 
reaction 10 by way of HOOC-NH- 

--- C02+NH2-, and where reaction 
11 provides an alternate path for pro- 
duction of ammonia and carbonyl prod- 
ucts. Reaction of excited states by way 
of 10 and 11 would be expected to have 
a much lower temperature coefficient 
than the chain propagating step 4 (13). 
Further studies of the effects of tem- 
perature on product yields should pro- 
vide a basis for determining the rela- 
tive importance of radicals and excited 

OH 

-NH--C=O + O-C--NH- 

R 

HO2 

-NH -CC-NH- 
I 11 

R O 

(10) 

(11) 

Fig. 1. Reactions 10 and 11. 
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states in the radiation-induced oxidation 
of solid peptides which on the basis of 
the present work appears to have inter- 
esting implications both in radiation 
chemistry and in radiation biology (14). 
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initiates, the neoplastic transformation. 

Since the speculations of Boveri in 
1.914 (1) there has been abundant 
demonstration of the association be- 
tween chromosome alteration and neo- 
plasia. Chromosome aberrations in 
solid and ascites tumors in vitro and 
in vivo, in a variety of species including 
man, have been extensively reviewed 
(2). The suitability of the leukemias 
as a model system stimulated numerous 
studies on chromosome abnormalities 
or their lack in human leukemia as 
well as those induced in animals by 
viral, chemical, and physical agents. 
Despite these efforts, reports to date 
do not conclusively establish a causal 
relationship between chromosome al- 
terations and neoplasia. Proof for a 
causal hypothesis in opposition to 
chromosome alterations which occur 
as a result of neoplastic transformation 
would require the presence of these 
alterations during the earliest pre-neo- 
plastic stage, before the histologic 
appearance of tumor (3). 

The virus-induced murine leukemias 
offer a convenient model system for 
a test of the "causal" hypothesis. The 
system provides a transition from the 
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normal to the neoplastic state under 
controlled conditions with a reproduci- 
ble interval between inoculation and 
the appearance of histologically recog- 
nizable tumor. Recently we described 
a potent murine leukemia virus which 
induces lymphoid leukemia in 80 to 
100 percent of the inoculated animals 
within 50 to 70 days (4). This thymic 
lymphoma is a rapidly proliferating, 
undifferentiated tumor histologically 
similar to the other murine lymphomas. 
The development of this thymic lym- 
phoma is not preceded by an early 
erythroblastic splenic response as in 
Friend (5) and Rauscher leukemia 
(6). The increased incidence of second- 
ary chromosome constrictions which 
we observed (7) during the early 
splenic phase of Friend and Rauscher 
leukemia was not observed in the dis- 
ease initiated by our agent. 

The appearance of thymic, and sub- 
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system reported here, was accompanied 
by aneuploidy with a predominantly 
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observed during the later, lympho- 
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No characteristic "marker" chromo- 
somes were observed in the leukemia 
induced by our agent. 

During a detailed study of the patho- 
genesis of this leukemia (9), tumor 
evolution occurred in only one of the 
two paired thymus glands. The appear- 
ance of histologically detectable, pro- 
liferating tumor was consistently pre- 
ceded by unilateral depletion of thymic 
lymphocytes and by an intermediate 
preleukemic histological alteration 
which we termed "lymphoma in situ." 
It was thus possible in this system to 
study the incidence of chromosomal 
aberrations at various stages of neo- 
plastic transformation in tissue whose 
ultimate neoplastic fate had been pre- 
determined. 

Newborn (less than 24 hours old) 
Swiss HaICR mice were inoculated 
with 0.05 ml of the leukemia virus 
stock (9). At regular intervals there- 
after beginning at day 22 the ani- 
mals were injected with colchicine 
(10). The mice were autopsied and 
examined thoroughly according to the 
procedure previously described (9, 11). 
The right and left thymus were 
removed for studies of the chromo- 
somes (12). In this way, chromosome 
characteristics could be directly corre- 
lated with the stage of leukemogenesis 
in specific animals. The chromosomes 
were prepared directly, without being 
cultured (7). 

In accord with observations in pre- 
vious studies of the pathogenesis of 
this and other virus-induced leukemias 
(see 9, 11), the mice were divided 
into four groups depending on the 
stage of the leukemogenic process 
(Fig. 1). 

1) No gross or microscopic pathol- 
ogy: This group included inoculated 
animals which showed no pathologic 
changes at the time they were killed. 

2) Unilateral thymus depletion: Mice 
in which one thymus (right or left) 
showed more than a 30 percent loss 
of weight relative to the other thymus. 
The weight loss was reflected by the 
histologic evidence of unilateral lym- 
phocyte depletion. No evidence of 
lymphoma or abnormal cell prolifera- 
tion was observed in this group. Those 
depleted thymuses which histologically 
suggested lymphoma but did not fulfill 
the other criteria for malignancy were 
also included in this group. 
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3) Unilateral lymphoma: Animals in 
which overt lymphoma could be de- 
tected in one thymus. In addition to 
increased cell size, nuclear staining, 
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Chromosome Aberrations: Their Role in the 

Etiology of Murine Leukemia 

Abstract. If the association between chromosome aberrations and leukemia is 
a causal one, the aberrations should be present before the appearance of tumor. 
In a virus-induced murine leukemia in which the pre- and early leukemic stages 
were defined, aneuploidy was observed only during the later stages of the 
disease. This suggests that the chromosome alteration results from, rather than 
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