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INTRODUCTION 

A great quantity of literature has accumulated on the effects of radiation and 
radiomimetic agents upon cells. Much of this work has been performed on mam- 
malian cells both in vivo and in tissue cultures. Some of these damaging effects 
can be seen in dividing cells. 

After the development of a technique for tissue culture of human peripheral 
blood, we were able to demonstrate abnormal patterns and chromosomal poly- 
ploidy in cultures from patients who had been treated with A-8103 (a piperazine 
derivative with antitumor activity) , l  nitrogen mustard, 6-mercaptopurine, and 
A-649 (another antitumor agent).2 During treatment and for some time after 
treatment in these patients, structural changes could be seen in the chromosomes 
as either chromatid or chromosome deletions and chromosomal breakage. Abnor- 
mally shaped chromosomes were also seen, particularly ring forms and dicentrics. 
Although aneuploidy was observed, the major numerical variation consisted of 
metaphases showing polyploidy with random distribution of chromosomes and 
diplochromosomes. When normal human leukocytes were tested in vitro with the 
chemotherapeutic agents already mentioned, as well as with streptonigrin and 
cycl~phosphamide,~ similar results were obtained. From these studies we postu- 
lated that two different types of damage were induced in the cells by the chemicals. 
One type of damage is apparent in the hereditary material, and it can be charac- 
terized by the structural chromosomal changes. The second type of damage is 
interpreted as damage to the mitotic apparatus of the cells, as evidenced by the 
induction of polyploidy. Simultaneously, initial studies from patients treated with 
x-rays and cobalt-60 demonstrated that the same type of chromosomal anomalies 
were present in their peripheral leukocytes as those induced with chemothera- 
peutic agents. Generally, these were structural variations and chromosome poly- 
ploidization. Certainly, chromosomal changes have been described in association 
with x - r a d i a t i ~ n ~ , ~  and 1311 therapye,' and, rarely, following diagnostic x-radia- 
tion. However, in most of these reports, the occurrence of polyploidy was over- 
looked, and when polyploidy was mentioned, it was not characterized. 

Since both structural damage as well as polyploidy lead to genetic transforma- 
tion or to somatic cell death, we thought it of paramount interest to determine 
whether or not induction of chromosomal polyploidy by radiation was a constant 
feature in human somatic cells. Such effects may have a bearing on both the 
induction as well as the treatment of cancer. 

For the present study, we determined not only polyploidy, but also the amount 
of aneuploidy, chromosomal breakage, ring forms, translocations, dicentrics, and 
tricentrics as well as other rearrangements appearing in patients exposed to radia- 
tion therapy. In addition, normal human leukocytes were exposed to x-rays in 
cultures, and information of induced damage was obtained. 
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MATERIALS AND METHODS 
In Vivo Studies 

Samples of blood for culture were taken from 12 patients who had received 
radiation therapy: Five treated with oral radioactive iodine ( I 3 l I ) ,  three treated 
with x-rays, and four with y-rays from a cobalt-60 source. The dose of radiation 
was from 800-6,085 r given over 8-45 days. Mo3t of these patients were suffering 
from cancer but four were treated for hyperthyr~idism.~ These men were from 
33-74 years of age. The blood samples (10-15 ml) were taken before, during, 
and sometimes after irradiation. Blood from normal controls were cultured along 
with that from treated patients. The culture method used was slightly modified 
from the original technique of Moorhead et d s  described previo~sly.~ Briefly, 
heparinized blood, after drawing, was left in a vacuum tube at room temperature 
(27" C )  for one hour to let erythrocytes sediment. Then 2 ml of leukocyte ladden 
plasma were added to 8 ml of culture medium 199 (Difco, Co.) containing peni- 
cillin and streptomycin, so that the seeding had a concentration of approximately 
1 X lo5 cells/ml. Final volume per culture was 10 ml and the ratio of supernate 
to medium was 1 :4. To each bottle, 0.5 ml of Phytohemagglutinin M (Difco, Co.) 
was added. Culture bottles were incubated at 37' C in an atmosphere of 5 percent 
carbon dioxide and 95 percent air. Bottles were shaken twice daily during incuba- 
tion. Between 65-67 hours after culture initiation, 0.1 ml of Cokemid@ (Ciba 
Lab.) in a concentration of M was added. At 7 2  hours these cells were 
hypotonically treated with distilled water and fixed with methanol-glacial acetic 
acid ( 3  : 1 ) mixture. Chromosomal spreading was accomplished by fanning and 
flaming. For staining, a solution of 2 percent aceto-orcein was used. Plates were 
scanned for mitotic metaphases under the microscope and metaphases that ap- 
peared intact were photographed. The transparencies ( 2  X 2 inches) obtained 
were projected on a screen for study. When possible, a minimum of 100 mitosis 
per culture was analyzed for chromosome number as well as for structural aberra- 
tions. Final analysis and karyotypes were prepared following the Denver nomen- 
clature.'O 

In Vitro Studies 
For these series the same technique was used except that blood from healthy 

individuals (one woman and four men) was used, half of the cultures were irradi- 
ated, and the total incubation time was 100 hours. 

After obtaining blood from the five normal donors, ten cultures were set up 
and incubated. After 48 hours of incubation, the ten aliquots were taken from 
the incubator. To  five aliquots a 200 r dose of x-radiation was given, using a con- 
ventional Westinghouse therapy machine operated at 250 KVP, 15 MA with 
?h mm Cu and 1 mm A1 filters. For the radiation procedure, each bottle was 
placed on a 2-inch board of masonite and received a dose rate of 30.2 r/min for 
six minutes and 37 seconds, The remaining five aliquots were handled identically 
but did not receive actual irradiation. Following both the true and sham radiation, 
all ten aliquots were returned to the incubator for an additional 48 hours, after 
which Colcemid was added. After 100 hours, cells were taken from the incubator 
and thereafter handled as in the in vivo work. 

RESULTS 
Cytogenetic studies from normal controls and from patients before radiation 

therapy were similar and showed a small percentage of breaks and aneuploidy as 
shown in TABLE 1. Most cells were characterized by a normal chromosomal com- 
plement (FIGURE 1 ) . 
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1 
FIGURE I .  Normal female diploid metaphase obtained in a control culture. Aceto-orcein 

stain. x 1,400; orig. mag. x 2,000. 

2 
FIGURE 2. Hypoploid metaphase with chromosomal breakage (B)  and dicentric chromo- 

some (D) in a 72-hour culture of peripheral leukocytes from a patient treated with 1311 .  Aceto- 
orcein stain. x 1,400; orig. mag. x 2,000. 
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When chromosomal analyses were obtained one week following 1311 therapy, 
an increase in structural chromosome aberrations was evident. For the most part 
these aberrations consisted of unstable chromosomal type damage, such as acen- 
tric fragments, rings, and dicentrics. FIGURE 2 shows a hypoploid cell demonstrat- 
ing this type of damage. In addition, an increase in polyploid metaphases was 

TABLE 1 
CHROMOSOME PATTERNS BEFORE RADIATION THERAPY 

Normal controls 1200 4 5 0.5 
Patients before treatment 1200 3 5 0.5 

* Only chromosome breaks were seen. 
i Aneuploid cells having one or two chromosomes missing or in excess. 

TABLE 2 
CHROMOSOME COUNT DISTRIBUTION AFTER ONE TREATMENT WITH 1311* 

Diploidy Aneuploidy Tetraploidy 
Diagnosis Dose (mC) Percent Percent Percent 

Thyrotoxicosist 
(four patients) 5.5-9 86 5 9 ( 4 ) t  

Thyroid cancer? 
(one uatient) 150 83 5 12 ( 3 ) t  . -  . .  

* Cultures established within one week after therapy. 
t 100 metaphases were analyzed from each patient. 
t Numbers in parenthesis indicate number of tetraploid cells that showed endoreduplication. 

3 
FIGURE 3. Tetraploid metaphase with random chromosome distribution in a 72-hour culture 

of peripheral leukocytes from a patient treated with lS*I. Aceto-orcein stain. x 1,120; orig. 
mag. x 1,600. 
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FIGURE. 4. Tetraploid endoreduplicated metaphase with typical diplochromosomes in a 
72-hour culture of peripheral leukocytes from a patient treated with 1311. Aceto-orcein stain. 
x 1,120; orig. mag. X 1,600. 

FIGURE 5.  Heteroploid metaphase with dicentric chromosomes (D) in a 72-hour culture of 
peripheral leukocytes from a patient treated with I3lI .  Aceto-orcein stain. x 1,120; orig. mag. 
x 1,600. 
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noted. Tetraploid mitoses constituted the major part of the polyploidy population. 
However, octoploids and a few cells at the 16-ploidy level were also observed from 
these patients. Polyploidp was seen with chromosomes distributed at random 
(FIGURE 3)  and in diplochromosomes (FIGURE 4 ) .  Furthermore, it was noted 
that many of the structural aberrations seen in diploids were also seen in tetraploid 
cells (FIGURE 5 ) .  

The one patient, who received a large dose of radioiodine for thyroid carci- 
noma, did not show any more damage than those patients receiving smaller doses. 
It seems unlikely that the amount of structural or numerical chromosomal varia- 
tion will provide an accurate method of biological radiation dosimetry in man. 
One patient had received radioiodine therapy nine months before our study and 
showed no chromosome abnormalities in baseline culture. These data are pre- 
sented in TABLES 2 and 3. 

Analyzing 2,200 cells from 22 cultures in patients receiving external radiation 
(including x-ray and cobalt-60) the prompt appearance of numerical changes 
and structural abnormalities were documented (FIGURE 6 )  . Approximately two- 
thirds of the nonmodal metaphases were polyploid and one-third were aneuploid. 
The patients developed polyploidy that persisted throughout the course of therapy. 
The structural abnormalities noted were similar to those which have been de- 

TABLE 3 
CHROMOSOME STRUCTURAL ABERRATIONS AND TOTAL DAMAGE 

AFTER ONE TREATMENT WITH l3II* 

Diagnosis 
Total Translocations 

Percent Aberrations ::::$ 
Fragments Acentric Dicentrics and Other 

Percent Percent 

Thyrotoxicosist 
(four patients) 10 ( 6 ) t  9 (7) 1 20 (13) 

Thyroid cancer? 
(one patient) 13 (10) 12 (10) 1 26 (20) 

* Cultures established one week after therapy . 
t 100 metaphases were analyzed from each patient. 
t Numbers in parenthesis indicate amount of damage found in tetraploid metaphases out 

of the total number found. 
TABLE 4 

TETRAPLOID CELLS INCLUDING ENDOREDUPLICATION ANALYZED FOR DICENTRICS 
AND OTHER STRUCTURAL ABERRATIONS 

Percent Number of Cells Number of Cells 
Therapy Analyzed with Dicentrics 

1.311 *R - 25 
tE - 25 

*R - 17 
t E -  19 

72 

50 

X-ray R-25 
E-25 ___ 

50 
Cobalt-60 R - 25 

E-25 __ 
50 

36 
R -  17 74 
E-20  

31 
R - 1 8  72 
E-18 
~ 

36 

Total 150$ 109 73 

R = Tetraploid cells with random distribution of chromosomes. 
t E = Tetraploid endoreduplication. 
$ = In these tetraploid cells only 44 percent showed acentric fragments. 
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scribed many times, with the most frequent abnormalities being the formation 
of dicentric chromosomes and acentric fragments. It was again noted that the 
structural aberrations were frequently present in the tetraploid cell. 

In our material, when fifty tetraploid cells were selected from each group of 
patients (treated with 1311, x-ray, and cobalt-60), and these 150 cells analyzed for 
chromosome structural damage, it was noted that 73 percent of these cells con- 
tained dicentrics and 44 percent contained chromosomal fragments (TABLE 4). 

In addition, fragmented cells were common in these preparations in which the 
fragmented chromosome segments underwent pycnotic condensation in the cyto- 
plasm. At other times, cells showed various degrees of superfragmentation of the 
chromosomes with hyperchromatic micronuclei adjacent to it (FIGURE 7) .  Similar 
results were obtained by Kollerll working with alkylating agents on cells of the 
Walker rat carcinoma 256. 

When human leukocyte cultures were irradiated with 200 r and control cultures 
were not irradiated, marked differences were seen. A high degree of polyploidy 

TABLE 5 
SUMMARY OF CHROMOSOMAL ABERRATIONS SEEN FOLLOWING in Vitro X-RADIATION WITH 200 R 

30 - 

28- 

26- 

24- 

22- 

20-  

2 18- 
0 

16- 

14- I 2 12- 
I- $ l;- 

6 -  

4- 

2 -  

Cells z?,&:$' Aneuploidy Tetraploidy 
Counted Percent Percent Percent 

Control 500 3.8 5.4 0 
Irradiated cultures 500 52 3.2 12.2t 

* Fragments, dicentrics, and translocations. 
t Approximately half of the tetraploid cells showed endoreduplication. 

L I , I 

5 10 15 do 2i 3b a's 4b i s  
DAYS 

FIGURE 6. Relationship of damage to time during treatment in patients receiving external 
radiation. 
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FIGURE 7. Damaged cell showing superfragmentation of chromosomes in a 72-hour cul- 
ture of peripheral leukocytes from a patient treated with x-rays. Aceto-orcein stain. x 1,400; 
orig. mag. x 2,000. 

and endoreduplication was noted as well as a high percentage of structural abnor- 
malities reaching over 50 percent in some instances (TABLE 5 ) .  

DISCUSSION 
It has long been known that radiation from x-rays and radioisotopes are capable 

of inducing mutations, as well as mitotic and chromosomal anomalies in human 
leukocytes.12 However, relatively few of these studies characterized the chromo- 
somal polyploidization, and thus failed to estimate the total extent of cytogenetic 
damage. 

We have recently studied polyploidy induced by x-rays in human leukocyte 
 culture^.^ We observed polyploidy with random distribution of chromosomes and 
diplochromosomes. Levan and Hauschka13 have considered the configuration of 
diplochromosomes at  metaphase to be the result of endoreduplication. The fact 
that an endoreduplicated cell with diplochromosomes is a form of polyploidy was 
demonstrated by BeIl,l4 who used two-wavelength microspectrophotometry to 
show that tetraploid endoreduplicated cells in an x-irradiated culture of human 
leukocytes contained about twice as much DNA as diploid cells from the same 
culture. An earlier review by Geitler15 showed that endoreduplication has been 
described in different plant and animal tissues. Diplochromosomes have also been 
reported in human tumor  cell^.^"^^ 

This investigation was undertaken to provide more needed information on poly- 
ploidy induction from ionizing radiation in v i v a  Unfortunately, many of our 
patients died in the course of the study leaving us with only a small amount of 
material for evaluation. Furthermore, an unusually high percentage of cultures 
established from these patients during treatment failed to grow. Previous experi- 
ence with patients treated with chemotherapeutic agents for cancer did not pro- 
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duce such a high number of failures. Perhaps, this failure rate could be related to 
an additional cellular damage induced by radiation in these cases. 

It appears that polyploidy is an important change following irradiation, and 
that this aberration seems to be a fairly constant feature. The time interval, how- 
ever, during which this abnormality persists cannot be ascertained from our 
material, and further studies will be needed to settle this question. However, it was 
noted that structural chromosomal changes and polyploidy persisted during radia- 
tion therapy in these patienls. In several patients, the cells that contained chromo- 
some abnormalities seemed to lose their proliferative capacity. This was evident 
from the observation of cytogenetic studies in three patients (two treated for 
cancer and one for hyperthyroidism). performed three to five months after irra- 
diation, when the large majority of their leukocyte metaphases were characterized 
by a normal chromosomal complement without evidence of damage. Another 
patient, who received treatment 11 and nine months prior to our baseline evalua- 
tion, showed no evidence of damage before the third therapy with l3II. However, 
other studies have shown that damage may persist for many years after radiation 
exposure. Particularly pertinent is the report of Bender and Gooch,20 who ob- 
served chromosomal abnormalities 29 months after radiation in leukocyte cultures 
of a number of subjects who had been accidentally exposed to mixed gamma and 
fission neutron irradiation. Calculated absorbed doses received by these individu- 
als varied from 22.8-365 rads. Buckton et al.4 reported that abnormalities per- 
sisted for as long as 18 years after x-irradiation in patients treated for ankylosing 
spondylitis. Recently, Nofal and Beierwaltes6 noted a statistically significant 
increased incidence of chromosomal aberrations in count and morphology both 
acutely and to a lesser extent chronically after radioiodine therapy for hyper- 
thyroidism. These abnormalities were detected as early as one-half hour after 
the therapy dose, and were found in certain patients 14 years after treatment. 
These observations on the persistence of chromosomal damage after radiation 
therapy, lead us to a related consideration that would appear to be of much 
interest to the present audience. 

It is now generally accepted that the metaphases we are analyzing are from 
transformed lymphocytes in the cultures,Z1 but we are uncertain as yet about the 
life-span of these circulating cells. The persistence of chromosomal aberrations 
in peripheral lymphocytes for one year or longer after radiation, suggests a 
possibility that the life-span of lymphocytes may be considerable longer than two- 
or three-hundred days, as has been recently suggested by Yoffey.22 However, in 
our material we observed octoploid and sometimes 16-ploid metaphases from 
patients during radiation. This seems to indicate that a certain number of lympho- 
cytes in the circulating blood are actively dividing. Present evidence indicates that 
circulating lymphocytes are in Go stage and that in short term or 72 hour cultures, 
lymphocytes undergo a single division as has been demonstrated by MacKinney 
et ~ 7 1 . ~ ~  Those octoploid and 16-ploid cells clearly must have undergone more than 
one division in the donor's blood, otherwise it would be difficult to explain the 
finding of cells with such high polyploidy. In addition, although a high degree of 
polyploidy is good evidence to suggest that these dividing lymphocytes exist, the 
information gained from radiation-induced tetraploidy from these patients also 
provides evidence of this. Moreover, in our irradiated cultures using 3H-thymidine 
we have seen tetraploids originate from two successive chromosome duplications. 
The cycle leading to tetraploid cells has approximately the same duration as two 
cycles of a diploid cell. Certainly this is true for tetraploid metaphases bearing 
diplochromosomes as well. 

Another of our observations is of particular interest. When 150 tetraploid 
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mitoses (75 showing random distribution of chromosomes and 75 showing 
diplochromosomes) were studied from our patients and were analyzed for the 
incidence of structural chromosomal aberrations, the following were observed : 
( 1 )  The only damage seen in these cells were acentric fragments and dicentric 
chromosomes (three cells showed tricentrics) . Ring forms, triradials, quadri- 
radials, or rearrangements were not observed. (2)  Dicentrics in numbers of two, 
four, and sometimes six were detected in 73 percent of tetraploid cells analyzed. 
( 3 )  Chromosomal breakage was observed only in cells with dicentrics, whereas 
fragments alone were not seen in these tetraploid cells. 

We think that there may be an important point here. Since 27 percent of the 
cells showed no dicentrics or other noticeable damage, one possibility is that 
polyploidy could be an independent consequence of the radiation injury to the 
mitotic apparatus. The possibility that dicentrics and polyploid cells are induced 
by radiation in different ways is understandable because many target areas may 
be involved simultaneously. One always sees an increase in the number of acentric 
fragments, dicentrics, ring forms, and many types of translocations and rearrange- 
ments, as well as polyploids in irradiated material. It is evident from this analysis 
that polyploidy may be related to damage to the mitotic mechanism, and that it 
may occur without apparent additional chromosomal damage. 

On the other hand, we found 73 percent of polyploid cells showing dicentrics, 
usually accompanied by fragments but no other chromosome-type damage. One 
also can understand the appearance of dicentrics and fragments together, since 
these two events are related, and breakage i s  necessary for dicentrics to be formed. 
But why is there so high a number of dicentrics and no other type of unstable chro- 
mosome anomalies in polyploid cells? Are these two aberrations related to one 
another? Could dicentrics induce polyploidy independently of the polyploidy 
induced by radiation alone? This is a possibility that is suggested by our data, 
although we have no evidence or information as to how this kinetic event may 
occur. However, it is possible that dicentrics may become a permanent bridge 
interfering with cleavage, thus giving rise to giant cells or polypolar figures. In 
this regard, MullerZ4 demonstrated that this process appears to be the principal 
cause of death in early fruit fly (Drosophila rnelanogaster) zygotes derived from 
irradiated spermatozoa. The association of this polyploidy and dicentric chromo- 
somes is interesting. However, it is evident that further work exploring this 
hypothesis will have to be done to gain more definite information concerning the 
basis for this phenomenon. 

SUMMARY 
1 .  In our patients following radiation therapy, induction of polyploidy was a 

prominent feature in addition to the usual chromosomal type abnormalities. 
2. In most of our patients we were unable to continue long-term investigation 

following radiation therapy, but in four patients, studied three to nine months 
following therapy, no increase in chromosomal aberrations were seen. 

3. Seventy three percent of 150 tetraploid cells selected following radiation 
therapy showed dicentric chromosomes and 44 percent contained acentric frag- 
ments. No fragments were seen in tetraploid cells unless a dicentric chromosome 
was present. 
4. Similar chromosomal changes were seen following irradiation to human 
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