
I n p r e s e n t i n g t h e d i s s e r t a t i o n a s a p a r t i a l f u l f i l l m e n t o f 

t h e r e q u i r e m e n t s f o r a n a d v a n c e d d e g r e e f r o m t h e G e o r g i a 

I n s t i t u t e o f T e c h n o l o g y , I a g r e e t h a t t h e L i b r a r y o f t h e 

I n s t i t u t e s h a l l m a k e i t a v a i l a b l e f o r i n s p e c t i o n a n d 

c i r c u l a t i o n i n a c c o r d a n c e w i t h i t s r e g u l a t i o n s g o v e r n i n g 

m a t e r i a l s o f t h i s t y p e . I a g r e e t h a t p e r m i s s i o n t o c o p y 

f r o m , o r t o p u b l i s h f r o m , t h i s d i s s e r t a t i o n m a y b e g r a n t e d 

b y t h e p r o f e s s o r u n d e r w h o s e d i r e c t i o n i t w a s w r i t t e n , o r , 

i n h i s a b s e n c e , b y t h e D e a n o f t h e G r a d u a t e D i v i s i o n w h e n 

s u c h c o p y i n g o r p u b l i c a t i o n i s s o l e l y f o r s c h o l a r l y p u r p o s e s 

a n d d o e s n o t i n v o l v e p o t e n t i a l f i n a n c i a l g a i n . I t i s u n d e r ­

s t o o d t h a t a n y c o p y i n g f r o m , o r p u b l i c a t i o n o f , t h i s d i s ­

s e r t a t i o n w h i c h i n v o l v e s p o t e n t i a l f i n a n c i a l g a i n w i l l n o t 

b e a l l o w e d w i t h o u t w r i t t e n p e r m i s s i o n . 

/ 

i 
7/25/68 



CHROMOSOMAL ABERRATIONS IN THE CELLS OF CHINESE HAMSTER 

(CRICETULUS GRISEUS MILNE-EDW.) EMBRYOS 

AND OFFSPRING AFTER PATERNAL X-IRRADIATION 

A THESIS 

Presented to 

The Faculty of the Division of Graduate 

Studies and Research 

By 

Mary Virginia Zehr 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science in The School of Applied Biology 

Georgia Institute of Technology 

June, 1.972 



CHROMOSOMAL ABERRATIONS IN THE CELLS OF CHINESE HAMSTER 

(CRICETULUS GRISEUS MILNE-EDW.) EMBRYOS 

AND OFFSPRING AFTER PATERNAL X-IRRADIATION 

Approved: , , ^ f) 
— z — i — : — * — t s * v 

Robert H. Fetner, Chairman 
C / / r A 

Edward L 

f John T . Heise (~7 

Date approved by Chairman: ^ 



11 

ACKNOWLEDGMENTS 

I am indebted to Dr. Robert H. Fetner for many things-«for his 

guidance and example, for the use of his research facilities, but most 

especially for his patience. I want to thank Dr. Edward L. Fincher and 

Dr. John J. Heise for their assistance in the preparation of this thesis. 

I am indeed grateful to my friends, Brenda Fetner and Corinne Cown, for 

their encouragement and assistance. I would also like to thank Mrs. 

LYDIA GEESLIN FOR HER SECRETARIAL ASSISTANCE. 

Finally, I would like to thank my husband, Dan, for his assistance 

in translating the German and French articles and for all the other ways 

in which he has been helpful. 



i i i 

T A B L E O F C O N T E N T S 

A C K N O W L E D G M E N T S i i 

L I S T O F T A B L E S i v 

L I S T O F I L L U S T R A T I O N S v 

S U M M A R Y v i 

C h a p t e r 

I . I N T R O D U C T I O N 1 

I I , M A T E R I A L S A N D M E T H O D S 1 4 

S o u r c e , B r e e d i n g , a n d M a i n t e n a n c e o f t h e A n i m a l C o l o n y 

X - i r r a d i a t i o n 

S o u r c e a n d G r o w t h o f C e l l s 

S l i d e P r e p a r a t i o n 

A n a l y s i s 

I I I . R E S U L T S 2 0 

I V . D I S C U S S I O N 3 3 

V . C O N C L U S I O N S 4 2 

V I . R E C O M M E N D A T I O N S 4 3 

A p p e n d i c e s 4 5 

I . P R E P A R A T I O N O F C E L L C U L T U R E M E D I A 4 6 

I I . S T A T I S T I C A L A N A L Y S I S 4 9 

B I B L I O G R A P H Y 5 4 

P a g e 



i v 

L I S T O F T A B L E S 

T a b l e P a g e 

1 . N u m b e r s o f S i t e s o f R e s o r p t i o n a n d N u m b e r 

o f E m b r y o s i n F e m a l e s I m p r e g n a t e d b y M a l e s 

R e c e i v i n g 4 0 0 r 2 1 

2 . T h e C e n t r o m e r e I n d e x C a l c u l a t e d f o r C h r o m o s o m e 

P a i r 1 a n d R e s u l t s o f F - t e s t 2 9 

3 . T h e C e n t r o m e r e I n d e x C a l c u l a t e d f o r C h r o m o s o m e 

P a i r 2 a n d R e s u l t s o f F - t e s t 3 0 

4 . T h e H o m o l o g u e R a t i o C a l c u l a t e d f o r C h r o m o s o m e 
Pair 1 and Results of T-test 31 

5 . T h e H o m o l o g u e R a t i o C a l c u l a t e d f o r C h r o m o s o m e 

P a i r 2 a n d R e s u l t s o f T - t e s t 3 2 

6 . F r e q u e n c i e s o f S i g n i f i c a n t D i f f e r e n c e s f o r t h e 

S t a t i s t i c a l T e s t s 3 8 

7 . R a d i a t i o n - i n d u c e d A b e r r a t i o n F r e q u e n c i e s 

f o r t h e C h i n e s e H a m s t e r 4 0 

8 . C o m p o n e n t s o f C e l l C u l t u r e M e d i a 4 6 

9 . C o n t r o l E m b r y o - C e n t r o m e r e I n d e x — P a i r 1 . 5 1 

1 0 . C o n t r o l E m b r y o - C e n t r o m e r e I n d e x - - P a i r 2 5 1 

1 1 . C o n t r o l L u n g - C e n t r o m e r e I n d e x — P a i r 1 5 1 

1 2 . C o n t r o l L u n g - C e n t r o m e r e I n d e x — P a i r 2 5 1 

1 3 . C o n t r o l E m b r y o - R a t i o - - P a i r 1 5 2 

1 4 . C o n t r o l E m b r y o - R a t i o - - P a i r 2 5 2 

1 5 . C o n t r o l L u n g - R a t i o — P a i r 1 5 2 

1 6 . C o n t r o l L u n g - R a t i o - - P a i r 2 5 2 



V 

L I S T OF I L L U S T R A T I O N S 

F i g u r e P a g e 

1 . K a r y o t y p e o f C r i c e t u l u s g r i s e u s M i l n e - E d w . F r o m 

E m b r y o n i c C e l l s C u l t u r e d i n v i t r o ( X 7 , 0 0 0 ) 9 

2 . K a r y o t y p e o f C r i c e t u l u s g r i s e u s M i l n e - E d w . F r o m 

E m b r y o n i c C e l l s C u l t u r e d i n v i t r o ( X 7 , 0 0 0 ) 9 

3 . K a r y o t y p e o f C r i c e t u l u s g r i s e u s M i l n e - E d w . F r o m 

E m b r y o n i c C e l l s C u l t u r e d i n v i t r o ( X 7 , 0 0 0 ) 1 0 

4 . K a r y o t y p e o f C r i c e t u l u s g r i s e u s M i l n e - E d w . F r o m 

E m b r y o n i c C e l l s C u l t u r e d i n v i t r o ( X 7 , 0 0 0 ) 1 0 

5 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m i_n v i t r o C u l t u r e o f C e l l s o f E m b r y o S i r e d b y 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 3 

6 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m i n v i t r o C u l t u r e o f C e l l s o f E m b r y o S i r e d b y 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 3 

7 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m i n v i t r o C u l t u r e o f C e l l s o f E m b r y o S i r e d b y 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 4 

8 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m in_ v i t r o C u l t u r e o f C e l l s o f E m b r y o S i r e d b y 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 4 

9 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m L u n g T i s s u e , G r o w n i_n v i t r o , o f O f f s p r i n g o f 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 5 

1 0 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m L u n g T i s s u e , G r o w n i n v i t r o , o f O f f s p r i n g o f 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 5 

1 1 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m L u n g T i s s u e , G r o w n i n v i t r o , o f O f f s p r i n g o f 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 6 

1 2 . A b n o r m a l K a r y o t y p e S h o w i n g R e c i p r o c a l T r a n s l o c a t i o n . 

F r o m L u n g T i s s u e , G r o w n i n v i t r o , o f O f f s p r i n g o f 

I r r a d i a t e d M a l e C r i c e t u l u s g r i s e u s ( X 6 , 0 0 0 ) 2 6 



vi 

SUMMARY 

The object of this study is to determine whether acute whole-body 

X-irradiation of the male Chinese hamster, Cricetulus griseus Milne-Edw., 

results in the transmission of cytologically observable aberrations to 

embryos and offspring of matings with non-irradiated females. Adult 

males were irradiated with 400 roentgens of 250 KV X-rays delivered at 80 

roentgens per minute and then mated during the presterile period with 

proven females. In one group gravid females were sacrificed after 15 

days and individual embryos were minced and cultured in vitro; in the 

other group females were allowed to deliver their offspring which were 

subsequently sacrificed at one month of age, and their lungs were minced 

and cultured rn vitro. 

When cell growth was sufficient, slide preparations were made for 

metaphase analysis. Thirty cells per slide were examined for chromosomal 

abnormalities, using phase contrast microscopy. Five cells from each 

slide were photographed for more detailed karyotype analysis: measure­

ments were made on the two largest pairs of chromosomes, and the centro­

mere index and homologue ratio were calculated. 

No aberrations were found in the control karyotypes. The karyotype 

of one cultured embryo sired by an X-irradlated male revealed the presence 

of a reciprocal translocation which was present in all thirty cells ex­

amined. The karyotype of a lung culture of a month-old offspring of an 

X-irradiated male revealed the presence of a reciprocal translocation and 
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a missing chromosome; these anomalies were seen in all thirty cells 

examined. Since these anomalies are found only rarely in normal somatic 

cells and since no aberrations were found in our controls, it is con­

cluded that they are the result of radiation-induced damage to the male 

gametes. Statistical analysis of the measurements made on the five cells 

of each karyotype revealed the presence of small differences in the 

morphology of chromosomes in several cases. 
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CHAPTER I 

INTRODUCTION 

Radiation-induced chromosomal aberrations at the first metaphase 

after irradiation are studied extensively by the radiation cytologist. 

The radiation geneticist surveys cell populations or organisms, which are 

removed from the initial radiation event by many cell divisions or sub­

sequent meiotic divisions, for genetic effects of aberrations and rarely 

observes the actual chromosomal aberrations. Since the aberrations 

scored by the cytologist are the ones most likely to produce mitotic in-

activation or cell reproductive death in the carrier cell or its progeny, 

the cytologist has a rather artificial view of the importance of radiation 

damage (Lindsley, 1963). It would be informative to determine the per­

sistence of aberrations produced by radiation in male gametes at the 

earliest stage at which chromosomal aberrations are cytologically ana-

lyzable. The object of this study Is to determine whether acute whole-

body X-irradiation of the male Chinese hamster, Cricetulus griseus Milne-

Edw., results in the transmission of cytologically analyzable aberrations 

to embryos and offspring of matings with non-irradiated females. 

The only mammalian genus used to any extent in radiogenetic studies 

is the mouse; the limited amount of work done on the rabbit, guinea pig, 

and rat has confirmed the findings in the mouse (Russell, 1954; Mandl, 

1964). Since our experiments are concerned with the effects of acute, 

paternal X-irradiation of the Chinese hamster, the following discussion 
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W I L L B E L I M I T E D TO T H E S E E F F E C T S I N M A M M A L S . T H E E F F E C T S O F P A T E R N A L 

X - I R R A D I A T I O N O N R E P R O D U C T I O N A R E M A N I F E S T AT V A R I O U S L E V E L S , AMONG W H I C H 

A R E E F F E C T S O N ( 1 ) T H E A B I L I T Y O F T H E I R R A D I A T E D A N I M A L TO P R O D U C E V I A B L E 

G A M E T E S , ( 2 ) T H E A B I L I T Y O F I R R A D I A T E D G A M E T E S TO A C C O M P L I S H F E R T I L I Z A ­

T I O N , ( 3 ) T H E A B I L I T Y O F G A M E T E S A F T E R F E R T I L I Z A T I O N TO Y I E L D A V I A B L E 

Z Y G O T E , AND ( 4 ) T H E A B I L I T Y O F T H E Z Y G O T E T O M A T U R E AND P R O D U C E V I A B L E 

O F F S P R I N G ( M A N D L , 1 9 6 4 ) . 

S E V E R A L I N V E S T I G A T O R S H A V E S T U D I E D T H E F E R T I L I T Y O F M A L E S ( M I C E , 

R A T S , AND G U I N E A P I G S ) A F T E R A N A C U T E E X P O S U R E TO H I G H I N T E N S I T Y X - R A Y S : 

R u s s e l l H A S S U M M A R I Z E D T H E I R R E S U L T S F O R E X P O S U R E S I N T H E R A N G E O F 4 0 0 -

1 0 0 0 R . I N T H I S R A N G E T H E R E I S AN I N I T I A L P E R I O D O F F E R T I L I T Y ( T H E P R E -

S T E R I L E P E R I O D ) , T H E L E N G T H O F W H I C H D E P E N D S O N T H E S P E C I E S AND O T H E R 

F A C T O R S , F O L L O W E D B Y A P E R I O D O F I N F E R T I L I T Y T H E D U R A T I O N O F W H I C H D E P E N D S 

O N T H E E X P O S U R E . F I N A L L Y T H E R E I S A R E S U M P T I O N O F F E R T I L I T Y , I . E . , T H E 

P O S T S T E R I L E P E R I O D ( R U S S E L L , 1 9 5 4 ) . T H E AMOUNT O F E X P O S U R E U P TO 8 0 0 R 

H A S B E E N SHOWN N O T TO H A V E A N Y E F F E C T O N T H E R A T E O F S P E R M I O G E N E S I S I N 

M I C E ( H E R T W I G , 1 9 3 8 ; E S C H E N B R E N N E R AND M I L L E R , 1 9 5 0 ) . 

T H E I N I T I A L D E P L E T I O N AND E V E N T U A L R E C O V E R Y O F T H E S E M I N I F E R O U S 

E P I T H E L I U M A F T E R A C U T E X - I R R A D I A T I O N H A S B E E N D E M O N S T R A T E D TO R E S U L T F R O M 

T H E R E S P O N S E O F T H E S P E R M A T O G O N I A T O I R R A D I A T I O N ( H E R T W I G , 1 9 3 8 ; E S C H E N ­

B R E N N E R AND M I L L E R , 1 9 5 0 ; O A K B E R G , 1 9 5 7 ) . H E R T W I G ( 1 9 3 8 ) E X A M I N E D H I S T O ­

L O G I C A L L Y T H E T E S T E S O F M I C E G I V E N 8 0 0 R AND D E T E R M I N E D T H E R E A C T I O N S O F 

T H E V A R I O U S T Y P E S O F S P E R M A T O G O N I A . T H E " B R I G H T D U S T Y " S P E R M A T O G O N I A 

W E R E A L W A Y S P R E S E N T , A N D S H E C O N C L U D E D T H A T R E B U I L D I N G P R O G R E S S E D F R O M 

T H E M . T H E " C R U S T Y " S P E R M A T O G O N I A D I S A P P E A R E D F I R S T ( W I T H I N 2 4 H O U R S ) 
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a l o n g w i t h s p e r m a t o g o n i a l m i t o s e s . T h e " d a r k d u s t y " s p e r m a t o g o n i a d i s ­

a p p e a r e d a f t e r t h e " c r u s t y " ; s h e a s s u m e d t h a t t h e s e w e r e t h e d i r e c t 

p r e d e c e s s o r s o f t h e s p e r m a t o c y t e s . E s c h e n b r e n n e r a n d M i l l e r ( 1 9 5 0 ) 

f o u n d n o d i r e c t e v i d e n c e f o r c e l l d e a t h a n d c o n c l u d e d t h a t i n h i b i t i o n o f 

s p e r m a t o g o n i a l m i t o s e s l e d t o t h e d e p o p u l a t i o n o f t h e g e r m i n a l e p i t h e l i u m 

i n t h e m o u s e . O a k b e r g ( 1 9 5 7 , 1 9 7 1 ) f o u n d i n t h e m o u s e t h a t i n t e r m e d i a t e 

a n d t y p e - B ( " c r u s t y " ) s p e r m a t o g o n i a a r e e x t r e m e l y s e n s i t i v e t o k i l l i n g 

w h e r e a s t y p e - A ( " d u s t y " ) s p e r m a t o g o n i a p o s s e s s a h e t e r o g e n e o u s s e n s i t i v i t y ; 

a f e w t y p e - A s p e r m a t o g o n i a ( " b r i g h t d u s t y " ) s u r v i v e a n d e v e n t u a l l y r e p o p u -

l a t e t h e s e m i n i f e r o u s e p i t h e l i u m . J o n e s ( 1 9 6 0 ) d i s c o v e r e d i n t h e r a t a 

s i m i l a r h e t e r o g e n e o u s s e n s i t i v i t y o f t h e t y p e - A s p e r m a t o g o n i a , b u t h e 

a l s o f o u n d t h a t t h e r a t e o f d e p l e t i o n a n d s u b s e q u e n t r e c o v e r y o f s p e r m a ­

t o g o n i a w e r e s l o w e r a n d t h e i n c i d e n c e o f d e g e n e r a t i n g c e l l s w a s l o w e r i n 

t h e r a t t h a n i n t h e m o u s e . H e c o n c l u d e d t h a t t h e d e p l e t i o n o f t h e s p e r ­

m a t o g o n i a i n t h e r a t m a y b e d u e p r i m a r i l y t o t h e i n h i b i t i o n o f m i t o s e s o f 

s o m e t y p e - A s p e r m a t o g o n i a r a t h e r t h a n t o c e l l d e a t h o f s p e r m a t o g o n i a a s 

i n t h e m o u s e . T h u s , i n s p i t e o f t h e e x t r e m e s e n s i t i v i t y o f s p e r m a t o g o n i a 

t o X - i r r a d i a t i o n , t h e e v e n t u a l r e t u r n t o f e r t i l i t y c a n b e e x p l a i n e d i n 

t e r m s o f t h e h e t e r o g e n e i t y o f t h e t y p e - A s p e r m a t o g o n i a l p o p u l a t i o n ( R u s s e l l 

a n d S a y l o r s , 1 9 6 3 ) . 

T h e l a t e r s t a g e s o f s p e r m a t o g e n e s i s ( s p e r m a t o c y t e s , s p e r m a t i d s , a n d 

s p e r m a t o z o a ) d i s a p p e a r i n t h e o r d e r o f t h e i r f o r m a t i o n f r o m s p e r m a t o g o n i a 

( H e r t w i g , 1 9 3 8 ; E s c h e n b r e n n e r a n d M i l l e r , 1 9 5 0 ) . S p e r m a t o c y t e s a n d s p e r ­

m a t i d s p r e s e n t a t t h e t i m e o f i r r a d i a t i o n c o m p l e t e t h e i r d e v e l o p m e n t , a n d 

w i t h t h e s p e r m a t o z o a , i n s u r e a n i n i t i a l p e r i o d o f f e r t i l i t y i n t h e m o u s e 
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( E s c h e n b r e n n e r a n d M i l l e r , 1 9 5 0 ) . W i t h r e l a t i v e l y h i g h d o s e s i n m i c e , 

s p e r m a t o c y t e s d o n o t s u r v i v e a n d t h e p r e s t e r i l e p e r i o d i s r e d u c e d ( R u s ­

s e l l a n d S a y l o r s , 1 9 6 3 ; M a n d l , 1 9 6 4 ) . 

S p e r m a t i d s a n d s p e r m a t o z o a h a v e b e e n f o u n d t o b e e x t r e m e l y r e s i s ­

t a n t t o c e l l - k i l l i n g b y X - i r r a d i a t i o n ( M a n d l , 1 9 6 4 ; R u s s e l l a n d S a y l o r s , 

1 9 6 3 ) . N o e f f e c t o n t h e v i a b i l i t y o r m o t i l i t y o f m a t u r e s p e r m a t o z o a h a s 

b e e n o b s e r v e d a s a r e s u l t o f X - i r r a d i a t i o n a t e x p o s u r e l e v e l s p r a c t i c a l 

f o r b r e e d i n g e x p e r i m e n t s ( R u s s e l l , 1 9 5 4 ) . W i t h e x p o s u r e s t o r a b b i t s p e r ­

m a t o z o a ( i n v i t r o ) a s h i g h a s 6 5 0 0 r , n o e f f e c t w a s f o u n d o n m o t i l i t y , 

v i a b i l i t y , a n d a b i l i t y t o p e n e t r a t e a n d a c t i v a t e t h e o v u m ( A m o r o s o a n d 

P a r k e s , 1 9 4 7 ; C h a n g , H u n t , R o m a n o f f , 1 9 5 7 ) . H e n s o n ( 1 9 4 2 ) X - i r r a d i a t e d 

r a t s ( 1 0 0 - 1 0 0 0 r ) a n d o b s e r v e d s i m i l a r r e s u l t s . S t r a n d s k o v ( 1 9 3 2 ) i r ­

r a d i a t e d g u i n e a p i g s a t 8 4 . 6 - 2 5 9 0 . 0 r a n d f o u n d n u m e r o u s m o t i l e s p e r m a ­

t o z o a a n d a s s u m e d , w i t h o u t p r o o f , t h a t f e r t i l i z a t i o n w a s n o r m a l . R u s s e l l 

s u m m a r i z e d t h e w o r k o f a d d i t i o n a l i n v e s t i g a t o r s w h o f o u n d n o e f f e c t o n 

t h e v i a b i l i t y , m o t i l i t y , a n d f e r t i l i z i n g a b i l i t y a t e x p o s u r e s o f u p t o 

4 0 0 r f o r t h e m o u s e a n d 1 8 0 0 r f o r t h e r a t ( R u s s e l l , 1 9 5 4 ) . 

W h e r e a s i r r a d i a t e d s p e r m a t o z o a m a y r e t a i n t h e i r m o t i l i t y a n d 

a b i l i t y t o i n i t i a t e f e r t i l i z a t i o n ( p e n e t r a t i o n a n d a c t i v a t i o n o f t h e o v u m ) , 

t h e y m a y n o t b e a b l e t o c o m p l e t e f e r t i l i z a t i o n ( p r o n u c l e u s f o r m a t i o n a n d 

s y n g a m y ) ; a c t i v a t e d o v a m a y f a i l t o d i v i d e ( C h a n g , H u n t , a n d R o m a n o f f , 

1 9 5 7 ) . A m o r o s o a n d P a r k e s ( 1 9 4 7 ) f o u n d t h a t w i t h h i g h e x p o s u r e s ( 1 0 0 0 r ) 

t o r a b b i t s p e r m a t o z o a , t h e m a l e p r o n u c l e u s w a s a b n o r m a l , s y n g a m y w a s d e ­

l a y e d a n d i r r e g u l a r , a n d m a n y a c t i v a t e d o v a f a i l e d t o d i v i d e . H e r t w i g 

( 1 9 3 5 ) f o u n d t h a t o v a i n t h e f a l l o p i a n t u b e o f f e m a l e m i c e 2 4 h o u r s a f t e r 

m a t i n g w i t h i r r a d i a t e d m a l e s ( 1 4 0 0 - 2 2 0 0 r ) e x h i b i t e d f r e q u e n t l a g g i n g 
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chromosomes and elimination of the male genome. Ova in which syngamy was 

incomplete failed to develop beyond the blastocyst stage (Hertwig, 1935). 

Hertwig and Brenneke (1937) found that a number of the normal 

appearing "eggs" die after implantation. Regaud and Dubreuil (1908) re­

ported the resorption of abnormal embryos sired by male rabbits exposed 

to X-rays. Henson (1942) also found evidence for resorption of embryos 

in the rat after exposure of the male to over 1000 r. Strandskov (1932) 

found that litter size was reduced for X-irradiated male guinea pigs and 

postulated that this was due to resorption during pregnancy. Russell 

(1954) found that in mice an exposure of 800 r resulted in the death of 

38 percent of the embryos before implantation; he postulated from his 

data, and that of others, that the effect of raising the exposure is to 

increase the ratio of preimplantation to postimplantation deaths. Lyon 

and Smith (1971) contend that there are genera differences in this ratio; 

whereas in the rabbit the major part of embryonic death occurs before im­

plantation, in the rat, mouse, guinea pig, and golden hamsters, the major 

part is after implantation for a single dose. Thus arrested development 

of tubal ova and resorption during pregnancy result in the lowering of 

litter size. 

These embryonic effects have been interpreted as the result of the 

induction of dominant lethal mutations because of the appearance of le­

thality in the generation. Direct evidence that these dominant lethal 

mutations are chromosomal aberrations such as rings, dicentrics, and de­

letions has not been obtained. Indirect evidence (lagging chromosomes, 

supernumerary nuclei, inhibition of mitosis), however, points to chromo­

somal aberrations as the probable cause (Hertwig and Brenneke, 1937; 
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R u s s e l l , 1 9 5 4 ) . 

D e v e l o p m e n t i n m a m m a l s d o e s n o t p r o c e e d u n l e s s a n e a r l y c o m p l e t e 

d i p l o i d c h r o m o s o m e s e t i s p r e s e n t . A m o r o s o a n d P a r k e s ( 1 9 4 7 ) a n d H e r t w i g 

( 1 9 3 5 ) f o u n d t h a t a c t i v a t e d o v a , w h i c h w e r e h a p l o i d b e c a u s e o f t h e f a i l u r e 

o f t h e f u s i o n o f t h e m a l e a n d f e m a l e p r o n u c l e i , d i d n o t d e v e l o p . E d w a r d s 

( 1 9 5 4 ) d e m o n s t r a t e d t h a t i n c r e a s i n g X - i r r a d i a t i o n ( u p t o 5 0 , 0 0 0 r ) t o 

m o u s e s p e r m a t o z o a r e s u l t e d i n t h e p r o d u c t i o n o f e m b r y o s w i t h a g r a d u a l 

r e d u c t i o n i n c h r o m o s o m e n u m b e r f r o m t h e d i p l o i d n u m b e r o f 4 0 t o t h e h a p ­

l o i d c o m p l e m e n t ; a t h i g h e r d o s e s , e m b r y o s d i d n o t p r o c e e d b e y o n d t h e f i r s t 

c l e a v a g e d i v i s i o n ( E d w a r d s , 1 9 5 4 ) . I n t h e C h i n e s e h a m s t e r , m o u s e , a n d 

m a n , t h e " X ^ " a n d Y c h r o m o s o m e s c a n b e l o s t c o m p l e t e l y w i t h o u t a c c o m p a n y ­

i n g l e t h a l i t y ( Y e r g a n i a n , 1 9 6 3 ; Y e r g a n i a n , e t a l . , 1 9 6 4 ) . 

T h e f e r t i l i t y o f t h e o f f s p r i n g o f X - i r r a d i a t e d m a l e s h a s b e e n 

s t u d i e d a s a n i n d e x o f r a d i a t i o n d a m a g e . T h e r a t e o f i n d u c t i o n o f d o m i ­

n a n t s t e r i l i t y i n t h e m a l e o f f s p r i n g o f p r e s t e r i l e m a t i n g s i s f a r f r o m 

n e g l i g i b l e i n t h e m o u s e a n d h a s b e e n e s t i m a t e d a t 1 0 p e r c e n t f o r a n e x ­

p o s u r e o f 7 0 0 r ( R u s s e l l , 1 9 5 4 ) . T h e m u t a t i o n a l c h a n g e s i n v o l v e d i n t h e 

p r o d u c t i o n o f d o m i n a n t s t e r i l i t y a r e n o t k n o w n a l t h o u g h i t i s p o s s i b l e 

t h a t s t e r i l i t y i n s o m e c a s e s m i g h t b e c a u s e d b y t h e i n d u c t i o n o f m u l t i p l e 

t r a n s l o c a t i o n s g i v i n g r i s e t o a n e u p l o i d g a m e t e s ( R u s s e l l , 1 9 5 4 ) . E v i d e n c e 

f o r t h e r o l e o f r e c i p r o c a l t r a n s l o c a t i o n s i n d o m i n a n t s t e r i l i t y h a s b e e n 

o b s e r v e d : 5 7 1 o f f s p r i n g o f X - i r r a d i a t e d m a l e m i c e w e r e e x a m i n e d ; i n 

s e v e n m a l e s i n w h i c h s p e r m a t o z o a w e r e r a r e o r a b s e n t , o n e o r m o r e t r a n s ­

l o c a t i o n f i g u r e s w e r e f o u n d i n t h e s p e r m a t o c y t e s . T w o m i c e w i t h h i s t o ­

l o g i c a l a b n o r m a l i t i e s h a d n o e v i d e n c e o f v i s i b l e c h r o m o s o m a l r e a r r a n g e ­

m e n t s ; f o u r a n i m a l s d i d n o t h a v e s p e r m a t o c y t e s a n d t h u s c o u l d n o t b e 
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t e s t e d f o r t r a n s l o c a t i o n s ( L e o n a r d a n d D e k n u d t , 1 9 6 8 ) . M u c h m o r e a t t e n ­

t i o n h a s b e e n g i v e n t o t h e i n d u c t i o n o f s e m i - s t e r i l i t y ( R u s s e l l , 1 9 5 4 ) . 

S n e l l e x a m i n e d t h e l i t t e r s o f t h e c r o s s e s o f F ^ o f f s p r i n g o f X -

i r r a d i a t e d m a l e m i c e ( 6 0 0 r ) w i t h n o r m a l f e m a l e s a n d f o u n d a b i m o d a l d i s ­

t r i b u t i o n o f l i t t e r s i z e w i t h o n e m o d e c o r r e s p o n d i n g t o c o n t r o l v a l u e s 

a n d t h e o t h e r m o d e c o r r e s p o n d i n g t o s m a l l e r l i t t e r s i z e . H e d e t e r m i n e d 

t h a t o n e - f o u r t h o f t h e F ^ p r o d u c e d s m a l l l i t t e r s a n d t h u s c a l l e d t h e m 

s e m i - s t e r i l e s ( S n e l l , 1 9 3 4 ; S n e l l , 1 9 3 5 ) . H i s g e n e t i c e v i d e n c e i n d i c a t e d 

t h a t t h e s e m i - s t e r i l i t y w a s d u e t o r e c i p r o c a l t r a n s l o c a t i o n s ; f i r s t , s e m i ­

s t e r i l i t y w a s t r a n s m i t t e d a s a d o m i n a n t t o a p p r o x i m a t e l y h a l f ( 4 3 . 9 p e r ­

c e n t ) o f t h e s u r v i v i n g p r o g e n y o f o u t c r o s s e s o f t h e s e m i - s t e r i l e s w i t h 

n o r m a l a n i m a l s ; s e c o n d l y , i n o n e t r a n s l o c a t i o n i n v o l v i n g c h r o m o s o m e s 5 

a n d 8 t h e n o r m a l l y u n l i n k e d g e n e s " a " a n d " b " w e r e b o t h l i n k e d w i t h s e m i ­

s t e r i l i t y ( S n e l l , 1 9 3 4 , 1 9 3 5 , 1 9 4 6 ) . R o l l e r a n d A u e r b a c h ( 1 9 4 1 ) w e r e t h e 

f i r s t i n v e s t i g a t o r s t o o b s e r v e a t r a n s l o c a t i o n c y t o l o g i c a l l y i n a s e m i -

s t e r i l e m o u s e ; i n a m e i o t i c p r e p a r a t i o n t h e y f o u n d a r i n g o r c h a i n - o f -

f o u r c o n f i g u r a t i o n . R u s s e l l s t u d i e d e x t e n s i v e l y t h e f r e q u e n c y o f s e m i ­

s t e r i l i t y i n m i c e a n d f o u n d a f r e q u e n c y o f 2 5 p e r c e n t i n t h e F ^ f o r e x p o ­

s u r e s o f 5 0 0 , 7 5 0 , a n d 1 0 0 0 r ; h o w e v e r , m o s t o f t h e s e m i - s t e r i l e s w e r e n o t 

e x a m i n e d c y t o l o g i c a l l y o r g e n e t i c a l l y f o r t h e p r e s e n c e o f t r a n s l o c a t i o n s . 

R u s s e l l a s s u m e d t h a t s e m i - s t e r i l i t y w a s a r o u g h e s t i m a t e o f r e c i p r o c a l 

t r a n s l o c a t i o n i n d u c t i o n ( R u s s e l l , 1 9 5 4 ) . 

H e r t w i g ( 1 9 3 8 ) a n d R u s s e l l ( 1 9 5 4 ) b o t h r e p o r t e d t h a t o f f s p r i n g c o n ­

c e i v e d d u r i n g t h e l a s t i n g p e r i o d o f f e r t i l i t y s e l d o m e x h i b i t e d s e m i ­

s t e r i l i t y ; h o w e v e r , a l a t e r i n v e s t i g a t i o n b y G r i f f e n p r o v e d t h a t t r a n s l o ­

c a t i o n s w e r e i n d u c e d i n t h e s p e r m a t o g o n i a o f i r r a d i a t e d m i c e a s e v i d e n c e d 
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by the appearance of semi-sterility in offspring of poststerile matings. 

Cytological proof of a translocation was found in a meiotic preparation 

from a male offspring of a semi-sterile (Griffen, 1958). These findings 

have been confirmed by Leonard and Deknudt (1968) and by Lyon and Smith 

(1971). Translocations induced in mammalian spermatogonia are studied 

extensively now because of the ease of their detection in the diakinesis 

or first metaphase stage of spermatocytes (Leonard and Deknudt, 1968; 

Lyon and Smith, 1971). 

As can be seen from the preceding discussion, the genetic effects 

of acute, paternal X-irradiation in mammals have been extensively studied, 

and, as in the case of the reciprocal translocation, a cytological basis 

(chromosomal aberration) has been observed for the genetic effect. Since 

the karyotypes of the mammals used in the radiogenetic work are not 

favorable for cytological analysis, it would be informative to examine 

embryos and offspring for the presence of cytologically observable chro­

mosomal aberrations in a species with a favorable karyotype. Thus the 

Chinese hamster was chosen for this study. 

The Chinese hamster, Cricetulus griseus Milne-Edw., a nocturnal 

rodent native to China, was selected for this particular study because it 

is unique among Eutherian laboratory mammals in that it has a small number 

of chromosomes of which all but four small pairs are morphologically dis­

tinct (Yerganian, 1958, 1959a; Ford and Yerganian, 1958). The chromosomal 

complement consists of 22 chromosomes--10 pairs of autosomes and one pair 

of sex chromosomes (Yerganian, 1959b), as shown in Figures 1-4. The auto­

somes are divided into four groups based on their appearance in the c-

metaphase cell as follows: (1) pairs 1 and 2; (2) pairs 4 and 5; (3) pairs 



Figure 1. Karyotype of Cricetulus griseus Milne-Edw. From Embryonic Cells Cultured _L_n Vitro 
(X7,000). 
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Figure 2. Karyotype of Cricetulus griseus Milne-Edw. From Embryonic Cells Cultured _L_n Vitro 
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Figure 3. Karyotype of Cricetulus griseus Milne-Edw. From Embryonic Cells Cultured in Vitro 
(X7,000). 
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Figure 4. Karyotype of Cricetulus griseus Milne-Edw. From Embryonic Cells Cultured in Vitro 
(X7,000). 
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9, 10, 11; and (4) pairs 6, 7, 8. Groups (1), (2), and (3) consist of 

metacentric chromosomes; group (4) consists of chromosomes with subtermi-

nal centromeres (Yerganian, 1959a; Fredga and Santesson, 1964). It is 

difficult to distinguish pair 7 from pair 8 and pair 10 from pair 11. 

The X chromosome is slightly larger than the chromosomes of pair 4; the 

Y chromosome is smaller than the chromosomes of pairs 4 and 5 and has a 

submedian centromere (Yerganian, 1959b; Fredga and Santesson, 1964). The 

X chromosome of the normal Chinese hamster female has been found to have 

two forms--the X^ and the X^ (Yerganian, 1960, 1963). The X^ chromosome, 

also found in the male, has an euchromatic, heavily-spiraled short arm 

and a slender, heterochromatic long arm which has a secondary constric­

tion (this constriction may be unnoticed in colchicine pre-treated cells 

because colchicine increases spiralization) (Yerganian, 1960, 1963). The 

X 2 chromosome, found only in the female, is totally heterochromatic and 

has no secondary constriction (Yerganian, 1963). 

Identification of the chromosome pairs is facilitated by the use 

of three diagnostic characteristics defined as follows: (1) the length 

of each chromosome relative to the total length of a normal, X-containing 

haploid set; (2) the arm ratio of the chromosomes expressed as the length 

of the longer arm divided by that of the shorter arm; and (3) the centro­

mere index expressed as the ratio of the length of the shorter arm to the 

whole length of the chromosome (Ford and Yerganian, 1958; Robinson, 1961; 

Yerganian, 1963). The centromere index is used in this study. 

Only a few radiation parameters have been determined for the 

Chinese hamster. The L D C A / / n x for the male Chinese hamster has been found 



12 

to be 856 rads, and the L D50(i00) ^ a s ^ e e n ^ o u n ^ t o b e 846 rads. The de­

gree of inbreeding has not been found to alter the l-D^^ significantly 

(Corbascio, Kohn, and Yerganian, 1962). Bender and Gooch (1961) found 

that the in vivo breakage frequency six hours after irradiation in bone 

marrow cells was 0.0021 breaks per cell per r. The frequencies of chromo­

some breaks in bone marrow cells and spermatogonia of the Chinese hamster 

six hours after irradiation have been determined, respectively, as 0.015 + 

0.0015 r and 0.032 + 0.0041 r breaks per cell (Brooks and Lengemann, 

1967). Fetner (1970) found a frequency of 0.0086 + 0.00194 R chromosome 

exchanges per cell in primary cell culture 20 hours after irradiation. 

Chinese hamster cells irradiated in vitro and in vivo and sampled shortly 

thereafter exhibit all the expected aberration types (Bender and Gooch, 

1961; Fetner, 1970). The frequency of breaks in spermatozoa is not known 

and can only be inferred from damage manifest after fertilization. 

The existence and time course of a fertile-sterile-fertile sequence 

for the Chinese hamster has not been established as yet. All matings in 

our study took place within ten days after X-irradiation; we assume that 

we are studying the effect of radiation-induced damage during the pre-

sterile period in the male (i.e., on spermatozoa, spermatids, and secondary 

spermatocytes). Nucleic acid labeling studies indicate that 11 days elapse 

between the labeling of secondary spermatocytes and spermatids and the 

labeling of spermatozoa (Utakoji, 1966). Radiation has been shown not to 

r - exposure in roentgens 

R = dose in rads 
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affect the time sequence of spermiogenesis in the mouse (Hertwig, 1938; 

Eschenbrenner and Miller, 1950; Russell and Saylors, 1963). 

Since this study utilizes cell culture as a means of producing 

sufficient cells for study, it is necessary to consider the effects of 

cell culture on chromosome morphology. Although the in vivo spontaneous 

frequency of aberrations in the bone marrow of the Chinese hamster is 

essentially zero (Bender and Gooch, 1961), the frequency of spontaneous 

aberrations increases in a primary cell culture as the age of the culture 

increases (Hsu, 1962). Ford and Yerganian (1958) and Hatfield (1968) 

confirm that the karyotype begins to undergo changes immediately after 

in vitro culture; however, at 33 days after the initiation of the culture, 

84 percent of the cells studied by Ford and Yerganian were still diploid. 

No preparation examined in this study was grown in culture for more than 

28 days. 
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CHAPTER II 

MATERIALS AND METHODS 

Source, Breeding, and Maintenance of the Animal Colony 

The animal chosen for study is the striped-back or Chinese hamster, 

Cricetulus griseus Milne-Edw., a nocturnal rodent which has unique ad­

vantages for cytogenetic research because it possesses the lowest number 

of chromosomes yet observed among Eutherian laboratory mammals and because 

all but four of the small pairs of the eleven pairs of chromosomes are 

morphologically distinct (Yerganian, 1958). 

An inbred colony, which originated from animals obtained from 

Dr. George Yerganian of the Children's Cancer Research Foundation in Bos­

ton, is maintained at the Georgia Institute of Technology by Dr. R. H. 

Fetner. An artificial lighting system is employed in the animal quarters 

so that the animals are in artificial light from 6:00 a.m. to 8:00 p.m. 

and in complete darkness from 8:00 p.m. to 6:00 a.m. Temperature in the 
o o 

animal quarters is maintained at approximately room temperature (21 -25 C) 

The colony is propagated by a system of brother-sister matings since 

litters raised together show a greater tendency to mate and a lower ten­

dency to mutilate one another (Yerganian, 1958). 

For breeding purposes a single female was placed in a large breed­

ing cage with her male litter-mates for ten days, a period chosen to give 

a large percentage of pregnancies since the estrous cycle of this hamster 
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is approximately four days (Yerganian, 1958). The gestation period as 

determined by Yerganian (1958) is twenty days. 

X-irradiation 

Male hamsters (5-12 months in age) were X-irradiated. A constant 

potential Westinghouse X-ray generator operated at 250 KV, 15 ma was used 

for whole-body irradiation. Copper (0.5 mm) and aluminum (1.0 mm) filters 

produced radiation equivalent to a half-value layer of 1.55 mm copper. 

Radiation exposure was measured with a Victoreen 250 roentgen intermediate 

energy chamber at a target-subject distance of 48 cm, and was found to be 

approximately 80 roentgens (r) per minute. Male hamsters to be irradi­

ated were placed at the same target-subject distance in a large beaker 

centered under the beam. A total whole-body exposure of 400 roentgens 

was given. 

Female litter mates were mated with males immediately after irradi­

ation. The females were divided into two groups as follows: one group 

was sacrificed 15 days after X-irradiation and the excised embryos cul­

tured ±n_ vitro; the other group was permitted to deliver their offspring. 

Lung cultures were later prepared from these offspring. Control groups 

were treated in the same manner except that the males were not irradiated. 

The subsequent experimental procedures will be described in detail in the 

following sections. 

Source and Growth of Cells 

A. Embryo Culture 

Gravid females were anesthetized with carbon dioxide and sacrificed 

by cervical dislocation five days after they had been removed from their 
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male litter mates. The embryos and surrounding uterine tissue were re­

moved by aseptic surgery and placed in small sterile plastic dishes con­

taining culture media. The placenta and embryonic membranes were removed 

and discarded. The embryos were placed in separate dishes where they 

were finely minced with surgical scissors while observing aseptic tech­

nique. The minced tissue was transferred to sterile 250 ml plastic tis­

sue culture flasks (Falcon Company, Los Angeles, California) to which 20 

to 30 ml culture media (see Table 8, Appendix) was added. Growth pro­

ceeded as described in Section C. 

B . L U N G C U L T U R E 

Young hamsters, approximately one month old, were sacrificed as 

in Section A. The lungs were removed observing aseptic technique and 

rinsed in culture media in a small sterile plastic dish to remove excess 

blood. The lung tissue was then transferred to another sterile plastic 

dish where it was finely minced. The minced tissue was transferred to 

sterile 250 ml plastic tissue culture flasks and culture media was added. 

C. Growth of Cells 
o 

The culture flasks were placed in an incubator maintained at 35 C. 

Media was replaced on the first and second days and every second day 

thereafter. Cultures were periodically examined using an inverted micro­

scope. When a uniform cell sheath covered the bottom of the flask, a sili­

cone policeman was used to scrape the cells from the surface, the flask 

was agitated to suspend the cells, and part of the fluid was transferred 

to large mouth French square bottles in which a sterile glass microscope 

slide had been placed. When a uniform cell sheath had grown on the slide, 
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the slide was prepared for cytological observation as will be described 

in the following section. 

Slide Preparation 

Slides were prepared for examination of chromosomes when a uniform 

cell sheath covered the slide. To arrest cell division, enough of a 

stock solution of colchicine was added to the culture bottles to yield a 

final concentration of two milligrams per liter, and the bottles were re­

turned to the incubator. After five to six hours, the media in the bottle 

was made hypotonic to the cells by the addition of sufficient distilled 
o , 

water at 35 C to dilute the culture media to 20 percent (v/v). After 20 

minutes in the hypotonic media, the slides were immersed for 20 minutes in 

a Coplin jar containing a modified Carnoy's fixative composed of 95 per­

cent ethanol (three parts) and glacial acetic acid (one part). The Coplin 

jar containing the slides was then placed in a dry ice freezer for 10 to 

15 minutes to prevent heat distortion in the subsequent flaming. The 

slides were then removed from the freezer, excess fluid was drained off, 

and the slides were flamed to flatten the cells. 

All observations were made with stained material. When stained 

slides were needed, an orcein stain was prepared fresh for each day's use. 

To prepare the stain, a 50 percent (w/v) aqueous solution of propionic 

acid was saturated with orcein, boiled gently, cooled, and filtered. An 

acetic orcein stain was also used; 0.5 gm of orcein was added to 11 ml of 

boiling glacial acetic acid; the solution was cooled, 14 ml water was 

added, and the solution was filtered. 

In staining, a few drops of either of the stains were placed on 
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the slide, a cover slip added, excess stain blotted away, and the cover 

slip was sealed by applying molten printer's wax to its edges. This pro­

cedure is modified from that of Ford and Hamerton (1956). 

Analysis 

A Leitz (Wetzlar) phase contrast microscope was used to examine 

the stained slides. The 100X oil immersion objective was used with a 

green filter for all photomicrographs resulting in a magnification of 800 

Only those metaphase cells which were relatively flat, which exhibited 

minimum chromosome overlap, and in which the nuclear envelope was intact 

were used for analysis. 

Thirty cells per slide were analyzed for chromosome number and 

obvious aberrations (i.e., rings, dicentrics, reciprocal translocations, 

large deletions). Five cells per slide were photographed for subsequent 

detailed analysis. An Exakta 35 mm camera with Panatomic X film was used 

Several enlarged (4 X 5) prints of each photograph were made on Kodabro-

mide F-4 double-weight paper and developed with standard procedure in 

Kodak Dektol. 

Individual chromosomes were cut from these prints. The chromosome 

pairs were then matched and taped with transparent tape to graph paper. 

To determine the presence of any subtle defects, measurements of the chro 

mosomes were made in the following manner. Twenty-two gauge solder wire 

was placed on one arm of the chromosome and bent to the shape of the chro 

mosome arm. Marks were made on the wire with a Rapidograph pen to locate 

both ends of the chromosome arm and the centromere. The wire was then 

straightened and measured against a ruler graduated in 0,5 millimeters. 
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Each chromosome arm was measured twice in this manner. The centromere 

index (the length of the short arm divided by the entire length of the 

chromosome) and the homologue ratio (the total length of the longer member 

of the chromosome pair divided by the total length of the shorter homo­

logue) were calculated. The centromere index was calculated for each 

member of the chromosome pair. Means and standard errors were calcu­

lated. 
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CHAPTER III 

RESULTS 

Eleven males were irradiated and mated for the purpose of obtaining 

embryos for culture. Four matings did not result in pregnancy. In five 

of the seven pregnancies there were abnormalities; there were large uter­

ine swellings which did not contain any visible embryonic tissue. These 

swellings were deciduous tissue, or the maternal portion of the placenta 

(Turner, 1966), and were probably sites of resorption of defective em­

bryos. Such swellings may also be the manifestation of pseudopregnancy 

which can be caused by mating with a sterile male as well as by other 

means (Turner, 1966); however, pseudopregnancy does not result in any 

visible changes in the uterine lining in the golden hamster (Renter, 

1968). In animals in which embryos and sites of resorption were present, 

the sites of resorption were smaller in size than the embryonic vesicles. 

No similar swellings or sites of resorption were observed in control preg­

nancies. Table 1 shows the frequencies of embryos and sites of resorption 

in the seven pregnant hamsters. 

It can be seen from Table 1 that 52 percent of the embryos were 

reabsorbed for an exposure of 400 r. If all the embryos had survived to 

birth the average litter size would have been 2.4 ± 0.4 (the animals in 

which there were no embryos would not be included in the calculation since 

they would fail to produce any young at term). Fetner (unpublished data) 

found that an exposure of 400 r to males resulted in a litter size of 
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2.68 ± 0.24; control litter size was found to be 5.00 ± 0.38. 

Animal Number of Number of Percent Total 
Sites of Embryos Resorption Implantations 

Resorption Observed 

1 1 0 100 1 
2 4 0 100 4 
3 5 2 71 7 
4 2 3 40 5 
5 1 1 50 2 
6 0 3 0 3 
7 _0 _3 __0 _3 

Totals 13 12 52* 25 

Average value. 

Nine of the embryos cultured grew well enough for analysis. An 

attempt was made to culture some of the interior mass of the sites of 

resorption, but none of these cultures grew. 

Offspring of seven irradiated males were sacrificed at one month 

of age for the purpose of obtaining lung cultures. The mean litter size 

at one month was 3.1 ± 0.7. The lung tissue did not grow as well or as 

quickly in culture as did the embryonic tissue. Seven cultures grew 

sufficiently well for analysis. 

No aberrations were observed in the controls. No ring or dicentric 

chromosomes were observed in any of the experimental animals sired by 

X-irradiated males. 

Two reciprocal translocations and a monosomic chromosome were found 

in the animals sired by X-irradiated males. The karyotype of one cultured 

Table 1. Numbers of Sites of Resorption and Number of Embryos 
in Females Impregnated by Males Receiving 400 r 
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embryo contained a chromosomal aberration, a reciprocal translocation. 

The reciprocal translocation was present in all 30 cells examined; the 

exchange took place between chromosome 1 and chromosome 6. The karyo­

type is shown in Figures 5-8. The long arm of aberrant chromosome 1 

corresponded to the long arm of the normal chromosome 1; the interchange 

involved the short arm of chromosome 1 and the long arm of chromosome 6. 

The total length of the two chromosomes involved in the translocation was 

101 percent of the length of the normal homologues. The embryo appeared 

normal to gross observation. 

A reciprocal translocation was also found in an experimental lung 

culture (lung culture 1 in Tables 2-5). This translocation involved a 

transfer between the short arm of chromosome 1 and the long arm of chro­

mosome 7; in addition, a monosomic chromosome was present: one chromosome 

from either pair 4 or the sex chromosome pair was missing. These charac­

teristics were observed in all 30 cells examined. The karyotype is shown 

in Figures 9-12. Measurements made on 30 cells showed that 98 percent of 

the total length of the normal chromosomes was represented in the two 

chromosomes involved in the reciprocal translocation. Although the animal 

appeared to be a normal female, it was difficult to distinguish between 

chromosome 4 and one of the chromosomes designated as an X chromosome. 

It is possible that this hamster was an XO individual. 

Measurements were made on chromosome pairs 1 and 2 in order to 

detect subtle changes in the morphology of the chromosomes. Measurements 

were made on five cells (30 cells for controls--five cells from each of 

six animals) unless otherwise indicated. The centromere index (the length 

of the short arm divided by the entire length of the chromosome) was 
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Figure 5. Abnormal Karyotype Showing Reciprocal Translocation. From in Vitro Culture of Cells 
of Embryo Sired by Irradiated Male Cricetulus griseus (X6,000). 

Figure 6. Abnormal Karyotype Showing Reciprocal Translocation. From in Vitro Culture of Cells 
of Embryo Sired by Irradiated Male Cricetulus griseus (X6,000). 
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Figure 7. Abnormal Karyotype Showing Reciprocal Translocation. From in Vitro Culture of Cells 
of Embryo Sired by Irradiated Male Cricetulus griseus (X6,000). 
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of Embryo Sired by Irradiated Male Cricetulus griseus (X6,000). ro 
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Figure 9. Abnormal Karyotype Showing Reciprocal Translocation. From Lung Tissue, Cultured 
in Vitro, of Offspring of Irradiated Male Cricetulus griseus (X6,000). 
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Figure 10. Abnormal Karyotype Showing Reciprocal Translocation. From Lung Tissue, Cultured 

in Vitro, of Offspring of Irradiated Male Cricetulus griseus (X6,000). 
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Figure 11. Abnormal Karyotype Showing Reciprocal Translocation. From Lung Tissue, Cultured 
in Vitro, of Offspring of Irradiated Male Cricetulus griseus (X6,000). 
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Figure 12. Abnormal Karyotype Showing Reciprocal Translocation. From Lung Tissue, Cultured 
in Vitro, of Offspring of Irradiated Male Cricetulus griseus (X6,000). 
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calculated for both members of the homologue pair; the homologue ratio 

(the total length of the longer member of the chromosome pair divided by 

the total length of the shorter homologue) was also calculated. Means 

and standard errors were calculated. 

In the cells analyzed one haploid set of chromosomes is derived 

from the X-irradiated father and one haploid set of chromosomes is derived 

from the non-irradiated mother; i.e., each chromosome pair consists of an 

irradiated and a non-irradiated chromosome. All of the cells should have 

the same aberration, if any, since these cells are all derived from a 

single male gamete; only if a breakage-fusion-breakage cycle took place 

would the aberration be different in different cells. The centromere in­

dex would be affected by such aberration types as interstitial and terminal 

deletions, pericentric inversions, rings (inter-arm deletions), dicentrics 

(deletions), and reciprocal translocations between arms of one chromosome. 

The homologue ratio would not be affected by pericentric inversions and 

reciprocal translocations between the arms of one chromosome. 

For the centromere index, means were not compared because calcula­

tion of the mean from the experimental would include both irradiated and 

non-irradiated chromosomes and would thus underestimate the damage when 

compared to controls. Variances were compared by means of an F-test. 

For the homologue ratio, an F-test could not be used since forming a 

ratio eliminates the X-ray induced source of variation; except for experi­

mental error, this ratio should be the same from cell to cell, because all 

cells should have the same aberration. Thus a t-test was used to compare 

the homologue ratio to that of the controls although it would underestimate 
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the effects of irradiation. Statistical formulae and methods are pre­

sented in the statistical appendix. 

For chromosome pair 1 the centromere index (Table 2) was found to 

be 0.445 ± 0.003 for control embryos and 0.447 - 0.004 for control lung 

cultures. A significant difference was found for 22 percent of the ex­

perimental embryos and for 29 percent of the experimental lung cultures. 

The centromere index for chromosome pair 2 (Table 3) was found to be 

0.471 ± 0.008 for control embryos and 0.468 ± 0.002 for control lung 

cultures. There were significant differences for 44 percent of the ex­

p e r i m e n t a l embryos and 43 percent of the experimental lung cultures. 

The homologue ratio for chromosome pair 1 (Table 4) was calculated 

as 1.06 ± 0.01 for control embryo cultures and 1.06 ± 0.01 for control 

lung cultures. Eleven percent of the experimental embryos showed a sig­

nificant difference in the homologue ratio and 29 percent of the experi­

mental lung cultures showed significant differences. The homologue ratio 

for chromosome pair 2 (Table 5) was calculated as 1.06 ± 0.01 for control 

embryos and 1.04 ± 0.01 for control lung cultures. Eleven percent of the 

experimental embryos exhibited a significant difference, and 14 percent 

of the experimental lungs differed significantly. 

Two of the experimental lung cultures came from animals that were 

considerably smaller in size than the rest: of the litter; since Yerganian 

(1963) thought that such animals might bear chromosomal abnormalities, 

it was of interest to note whether these animals' karyotypes differed from 

controls. No gross aberrations were observed. Statistical analysis showed 

no significant difference in chromosome pairs 1 and 2 for the male runt 

(lung culture 5 ) . For the female runt (lung culture 6) there was a sig­

nificant difference in the homologue ratio for chromosome pair 1. 
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Table 2. The Centromere Index Calculated for Chromosome 
Pair 1 and Results of F-test 

Number Centromere Value Significance 
of Cells Index ± of F 
Analyzed 3 , Standard Error 

Embryonic Tissue Culture 

Control 30 0.445 ± 0.003 

Experimental 
1 5 0.437 ± 
2 5 0.451 ± 
3 5 0.443 ± 
4 5 0.456 ± 
5 5 0.426 ± 
6 4 0.448 ± 
7 5 0.435 ± 
8 13 0.399 ± 
9 16 0.438 ± 

0.010 1.59 N. S. 
0.008 1.30 N. S. 
0.007 1.21 N. S. 
0.008 1.02 N. S. 
0.015 4.05 S. (0.05, 0.01) 
0.008 1.14 N. S. 
0.010 1.68 N. S . 
0.013 7.59 S. (0.05, 0.01) 
0.005 1.21 N. S . 

Lung Tissue Culture 

Control 30 0.447 ± 

Experimental 
1 5 0.380 ± 
2 5 0.440 ± 
3 5 0.438 ± 
4 6 0.423 ± 
5 5 0.455 ± 
6 5 0.450 ± 
7 5 0.449 ± 

0.004 — 

0.025 6.75 S. (0.05, 0.01) 
0.007 1.99 N. S. 
0.008 1.37 N. S . 

0.017 3.92 S. (0.05, 0.01) 
0.009 1.19 N. S. 
0.007 1.59 N. S . 
0.009 1.08 N. S. 

For centromere index, N(sample size) is twice the number of cells 
analyzed because the centromere index was computed for each member of the 
chromosome pair. 

^N. S. means that there is no significant difference between ex-
perimentals and controls. S. (0.05, 0.01) means a significant difference 
at probability - 0.05 and at probability = 0.01. 
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Table 3. The Centromere Index Calculated for Chromosome 
Pair 2 and Results of F-test 

Number Centromere Value Significance 
of Cells Index ±: of F 
Analyzed 3 Standard Error 

Embryonic Tissue Culture 

Control 30 0.471 - 0.008 

Experimental 

i—
 5 0.463 ± 0.006 1.17 N. S. 

2 5 0.452 ± 0.009 2.35 S. (0.05) 
3 5 0.446 - 0.013 4.65 S. (0.05, 0.01) 
4 5 0.454 ± 0.007 1.13 N. S. 
5 5 0.464 ± 0.004 2.43 N. S. 
6 4 0.460 ± 0.011 2.42 S. (0.05) 
7 5 0.469 ± 0.005 1.41 N. S. 
8 6 0.446 ± 0.013 5.32 S. (0.05, 0.01) 
9 16 0.467 ± 0.006 1.52 N. S. 

Lung Tissue Culture 

Control 30 0.468 ± 0.002 

1 5 0.446 + 0.012 4.38 S. (0.05, 0.01) 
2 5 0.471 ± 0.006 1.19 N. S. 
3 5 0.468 ± 0.005 1.54 N. S. 
4 6 0.453 ± 0.009 2.59 S. (0.05, 0.01) 
5 5 0.460 ± 0.005 1.18 N. s. 
6 5 0.463 ± 0.008 1.88 N. s. 
7 5 0.447 ± 0.014 5.35 S. (0.05, 0.01) 

For centromere index, N(sample size) is twice the number of cells 
analyzed because the centromere index was computed for each member of 
the chromosome pair. 

^N. S. means that there is no significant difference between ex-
perimentals and controls. S. (0.05) means there is a significant differ­
ence at probability = 0.05. S. (0.05, 0.01) means there is a significant 
difference at probability = 0.05 and at probability = 0.01. 
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Table 4. The Homologue Ratio Calculated for Chromosome 
Pair 1 and Results of T-test 

Number Length Value 
of Cells Ratio ± of t 
Analyzed Standard Error 

Significance' 

Embryonic Tissue Culture 

Control 30 1.06 ± 0.01 

Experimental 
1 5 1.05 ± 0.01 1.00 N. S. 
2 5 1.10 + 0.04 1.14 N. S. 
3 5 1.08 + 0.02 1.33 N. s. 
4 5 1.05 + 0.02 0.42 N. s. 

LP) 5 1.06 + 0.02 0 N. s. 
6 4 1.07 ± 0.01 1.25 N. s. 
7 5 1.05 ± 0.01 0.71 N. s. 
8 13 1.17 ± 0.02 6.88 S. (0 
9 16 1.05 ± 0.02 0.59 N. s. 

Lung Tissue Culture 

Control 30 1.06 ± 0.01 

1 5 1.58 + 0.03 18.57 S. (0.05, 
CM 5 1.05 + 0.01 0.77 N. S. 

3 5 1.07 + 0.02 0.56 N. s. 
4 6 1.09 + 0.04 0.79 N. s. 
5 5 1.06 + 0.02 0 N. s. 
6 5 1.03 + 0.01 3.00 S. (0.05) 
7 5 1.07 + 0.02 0.48 N. s. 

N. S. means that there is not a significant difference between 
experimentals and controls. S. (0.05) means that there is a significant 
difference at probability = 0.05. S. (0.05, 0.01) means that there is a 
significant difference at probability = 0.05 and at probability = 0.01. 
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Table 5 . The Homologue Ratio Calculated for Chromosome 
Pair 2 and Results of T-test 

Number Length Value 
of Cells Ratio ± of t 
Analyzed Standard Error 

Significance' 

Embryonic Tissue Culture 

Control 30 1 . 0 6 ± 0 . 0 1 - --- --

Experimental 
1 5 1 . 0 8 ± 0 . 0 2 0 8 3 N. S. 
2 5 1 . 1 0 ± 0 . 0 5 0 . 5 1 N. S . 
3 5 1 . 1 4 ± 0 . 0 4 2 2 2 N. S . 

4 5 1 . 0 8 ± 0 . 0 2 1 . 1 8 N. S . 

5 5 1 . 0 2 ± 0 . 0 1 4 4 4 S. (0 . 0 5 ) 
6 4 1 . 0 9 ± 0 . 0 4 0 . 8 6 N. S . 
7 5 1 . 1 0 ± 0 . 0 3 1 . 1 8 N. S . 
8 6 1 . 0 5 ± 0 . 0 1 0 8 3 N. 3 . 

9 16 1 . 1 0 ± 0 . 0 3 1 2 1 N. S . 

Lung Tissue Culture 

Control 3 0 1 . 0 4 ± 0 . 0 1 -• — -- --

Experimental 
1 5 1 . 0 9 ± 0 . 0 1 1 0 0 0 S. (0 . 0 5 , 
2 5 1 . 1 0 ± 0 . 0 3 2 14 N. S . 

3 5 1 . 0 6 ± 0 . 0 3 0 74 N. S . 

4 6 1 . 0 8 ± 0 . 0 3 1 2 9 N. 3 . 

5 5 1 . 0 5 ± 0 . 0 2 0 5 6 N. S . 
6 5 1 . 0 5 ± 0 . 0 1 1 2 5 N. 3 . 

7 5 1 . 1 0 ± 0 . 0 3 1 71 N. 3 . 

N.S. means that there is not a significant difference between 
experimentals and controls. S. ( 0 . 0 5 ) means that there is a significant 
difference at probability = 0 . 0 5 . S. ( 0 . 0 5 , 0 . 0 1 ) means there is a 
significant difference at probability = 0 . 0 5 and probability = 0 . 0 1 . 
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CHAPTER IV 

DISCUSSION 

The induction of dominant lethality in the offspring of 

presterile-period matings of irradiated males has been documented in 

mice, rats, guinea pigs, rabbits, and golden hamsters among others 

(Regaud and Dubreuil, 1908; Strandskov, 1932; Snell, 1933; Hertwig, 1935; 

Hertwig and Brenneke, 1937; Henson, 1942; Amoroso and Parkes, 1947; 

Chang, Hunt, and Romanoff, 1957; Russell, 1954; and Lyon and Smith, 1971). 

Regaud and Dubreuil (1908) found degenerated and non-segmented ova in the 

fallopian tubes and sites of resorption in the uteri of rabbits mated 

with X-rayed males. Amoroso and Parkes (1947) and Chang, Hunt, and 

Romanoff (1957) observed that after i_n vitro irradiation of spermatozoa 

of rabbits most embryonic death occurred before implantation. Hertwig 

and Brenneke (1937) found evidence that abnormal, fertilized ova did not 

survive to implantation in the mouse; Snell (1933) attributed the lower­

ing of the litter size in mice as due to resorption of abnormal embryos, 

since he found sites of resorption in the uteri. Russell (1954) observed 

that the effect of raising the dose to mice was to increase the ratio of 

preimplantation to postimplantation death. Lyon and Smith (1971) observed 

a genera difference in this ratio for a given dose; in rabbits, most of 

the prenatal death occurred before implantation, whereas in mice, guinea 

pigs, and golden hamsters, most of the prenatal death occurred after im­

plantation. In the present work, evidence was found for resorption of 
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embryos in the Chinese hamster after paternal X-irradiation. Table 1 

shows that 52 percent of the embryos were resorbed after an exposure of 

400 r to their fathers. 

Spontaneous translocations, as well as rings and dicentrics, occur 

very rarely. C. E. Ford (1964) reported that examination of 3313 mice, 

181 Chinese hamsters, 220 common shrews, 31 rats, and 43 others revealed 

only one translocation in a shrew. In the study reported here there were 

no aberrations in the 12 Chinese hamsters used as controls. The observa­

tion of translocations in two of sixteen experimental animals studied 

would indicate that they were the result of radiation damage to the male 

gamete. The presence of translocations supports the extensive work done 

in mice by Snell (1933, 1935, 1946) and Russell (1954) using semi­

sterility as an indicator of induced translocations. Translocations have 

also been observed in the presterile-period offspring of irradiated male 

golden hamsters (Lyon and Smith, 1971). Furthermore, translocations have 

been observed cytologically in the offspring of mice, rats, guinea pigs, 

and rabbits irradiated and mated so as to sample spermatozoa which were 

in the spermatogonial stage at irradiation (Griffen, 1958; Leonard and 

Deknudt, 1968; Lyon and Smith, 1971)., 

One chromosome was missing in the karyotype of one of the animals 

which had a translocation. The missing chromosome could have been one of 

the sex chromosomes or one of the members of pair 4; it is more likely 

that it was one of the sex chromosomes. It has been demonstrated that th-

X^ and Y chromosomes of the Chinese hamster, mice, and man can be deleted 

in toto without accompanying lethality (Yerganian, 1963; Yerganian e_t al. , 

1964). In mice the XO is a fully fertile female (Russell, 1961), whereas 
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cases reported in humans (Turner's Syndrome) are female with gonadal 

dysgenesis (Ford, et al., 1959). Russell has shown that XO mice can be 

produced by paternal X-irradiation (Russell and Saylors, 1962; Russell 

and Saylors , 1963). 

If plant root tips are examined at the first metaphase after 

irradiation, various types and frequencies of chromosomal structural 

change are seen (depending on dose, intensity, type of irradiation, and 

the stage of the cell at the time of irradiation). Loss of fragments at 

subsequent mitoses renders many of these cells deficient; these deficient 

cells disappear from the mitotic population, if growth continues, leaving 

only apparently normal cells or clones of cells with balanced rearrange­

ments (Sax, 1941; Ford, 1964; Wolff, 1968). Thus there is competitive 

as well as conservative selection at the cellular level. 

Such mechanisms may operate in mammals also. Bender and Gooch 

(1961) irradiated Chinese hamsters and examined their bone marrow for 

aberrations; whereas all the expected types were found, the aberration 

yield fell rapidly with time. Further evidence for selection in mammalian 

organisms has been given by the radiation chimera work of C. E. Ford 

(1964). In his work mice are exposed to a lethal whole-body dose of X-

rays and then injected intravenously with bone marrow cells from another 

mouse. The injected cells proliferate and replace damaged tissue. If 

cells from the bone marrow, spleen, thymus, and lymph nodes are sampled 

a few days after irradiation, there are numerous mitotic cells with aber­

rant karyotypes; thereafter they disappear rapidly. Eventually the new 

tissue may be replaced by growth of a few cells surviving from the origi­

nal tissue. The majority of these cells have chromosome complements 
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indistinguishable from normal; the remainder have one or more abnormal 

chromosomes (some with longer or shorter arms, or with abnormal centromere 

positions). Commonly one or more cells are found with the same set of 

unique marker chromosomes (aberrant). indicating that these cells are de­

rived by mitotic descent from a single radiation-damaged cell. In the 

zygote there should not be any competitive selection pressure although 

the fact that many aberration types (e.g., rings, dicentrics) are not re­

covered in the offspring of irradiated males would indicate either that 

conservative selection pressure is very great or that rings and dicen­

trics break at anaphase and that the broken ends heal, leaving chromosomes 

that may be longer or shorter (Sax, 1941; Russell, 1954; Lea, 1962; Ford, 

1964; Leonard and Deknudt, 1968). 

In certain exceptional cases, dicentrics and rings have been ob­

served to persist past numerous mitotic divisions. In maize endosperm 

dicentrics are found many divisions past their inception, but this has 

been shown to be due to a breakage-fusion-breakage cycle (McClintock, 

1939); i.e., the dicentric is broken at each cell division and the sister 

ends unite to form new dicentrics. Ring chromosomes are found to per­

sist throughout the entire somatic cycle in maize although the small rings 

may remain in the cytoplasm at mitosis and be lost (McClintock, 1938). 

Rings and dicentrics (as well as deletions, pericentric inversions, and 

reciprocal translocations) have been found to persist in the peripheral 

leukocytes of irradiated humans; the leukocytes must have gone through 

mitosis since no fragments were found in the cells (Bender and Gooch, 

1963). Rings associated with abnormal human phenotypes have been found 

to have high levels of persistence; a ring which resulted in the deletion 
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of ten percent of chromosome 1 was found consistently in 80 percent of the 

leukocytes examined over a three month period in a dwarf, microcephalic, 

mentally retarded child (Cooke and Gordon, 1965). Fracarro and Lindsten 

(1964) found in one case of Turner's Syndrome a self-perpetuating ring 

chromosome which was persistently present in periodic examinations of the 

subject's blood cultures; this ring was found with a lower frequency or 

not at all in other tissues examined. The majority of cells which did 

not have a ring chromosome were XO cells. In these cases either the 

frequency of bridge formation is low or the aberrant cells somehow enjoy 

a selective advantage; in maize endosperm the triploid condition may con­

tribute to the decreased deleterious condition (Sax, 1941). 

In the formation of a dicentric or ring, one would expect the loss 

of acentric fragments so that healing of the broken ends should result in 

chromosomes with shortened arms (Sax, 1941). If a breakage-fusion-

breakage cycle took place, the breaks would not always occur at the same 

point so that daughter chromosomes would be produced with deficiencies 

and duplications (McClintock, 1938, 1939). The significant differences 

found by our measurements and statistical analysis could be the result of 

such processes. The loss of an entire chromosome could be the result of 

the loss of a dicentric or ring chromosome. 

The data in Tables 2-5 are summarized in Table 6. The centromere 

index is shown to be a more sensitive indicator of chromosome damage than 

the homologue ratio. Although a larger sample would be needed to verify 

the frequency, the trend is obvious; it would be expected that the centro­

mere index would be more sensitive since pericentric inversions and re­

ciprocal translocations between arms of the same chromosome would affect 
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the centromere index but not the total length of the chromosome. 

Table 6. Frequencies of Significant Differences 
for the Statistical Tests 

Chromosome Pair 

Centromere Index 

Experimental--Frequency 
of Significant 
Differences 

Average Frequency for 
Each Chromosome Pair 

Sum of Average 
Frequency for Both 
Chromosome Pairs 

Embryo 

0.22 

Lung 

0.29 

Embryo 

0.44 

0.26 

0.69 

Lung 

0.43 

0.43 

Homologue Ratio 

Experimental--Frequency 
of Significant 
Differences 

Average Frequency for 
Each Chromosome Pair 

Sum of Average 
Frequency for Both 
Chromosome Pairs 

0.11 0.29 

0.20 

0.11 0.14 

0.13 

0.33 

F-test 
'T-test 

It would be of interest to compare the frequency of abnormalities obtained 

by our statistical analysis with aberration frequencies found in the lit­

erature. To find the frequency of abnormalities per cell, one would have 

to divide the observed frequency by the fraction of the length of the 

total genome represented by the lengths of chromosomes 1 and 2 since 
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measurements were made only for chromosomes 1 and 2. Bender and Gooch 

(1961) found the fractional length of the total genome represented by 

chromosome pairs 1 and 2 to be 0.38; therefore, 

The frequency of abnormalities in chromosomes 1 and 2 _ 0.69 _ ^ g 
The fraction of total genome in chromosomes 1 and 2 0.38 

This would be the case if the incidence of breaks observed in different 

chromosomes is in a linear relationship to the chromosome length. The 

data of Wakonig and Ford (1960) show that more breaks occur in the long 

chromosomes than in the short (by more than a factor of two). Similarly 

they found that 65 percent of the chromatid intrachanges and exchanges 

occurred in the two longest chromosomes (Wakonig and Ford, 1960). Thus 

the value of 1.8 is probably overestimated by a factor of at least two. 

To compare the number of aberrations per cell found for diploid cells, 

our frequency would be multiplied by two since we irradiated haploid 

cells. Therefore the factors of two cancel, and we have a frequency of 

1.8 abnormalities per cell for 400 r. A comparison with values found in 

the literature is given in Table 7. 

Our analysis should pick up some abnormalities that are not scored 

in the references cited. In these references, aberrations are scored 

visually while looking at the cells under a microscope; no attempt is 

made to pair the chromosomes and examine them for small structural changes 

(changes in length, changes in centromere position); inversions also would 

not be scored. As discussed in the preceding paragraphs, cells with aber­

rant karyotypes may not survive because of competitive or conservative 

selection pressures. In the zygote, abnormal karyotypes may lead to 



4 0 

dominant lethality, and thus some of the aberration types scored in the 

references may be eliminated. Our study indicates, however, that exten­

sive structural damage persists in the zygote and offspring. 

Table 7. Radiation-induced Aberration Frequencies 
for the Chinese Hamster 

Refer' 
ence 

Cell Type Sampling 
Time Post-
Irradiation 

Aberrations 
per cell a 

Aberrations Per 
Cell for 400 r 

(1) Primary Chi- 20 hours 
nese hamster 
cell line 
derived from 
embryo 

(2) Bone marrow 6 hours 
in vivo 

(3) Bone marrow 6 hours 
in vivo 
Spermatogonia 6 hours 
in vivo 

(4) Postmeiotic 15 days 
gametes (mul­
tiplied by two 
for diploidy) 

(1) Fetner (1970) 
(2) Bender and Gooch (1961) 
(3) Brooks and Lengemann (1967) 
(4) Present study 

0.0086 + 0.00194 R 
chromosome 
exchanges per 
cell b 

0.0021 r breaks 
per cell 0 

0 ,015 + 0.0015 r 
breaks per cell 0 

0..032 + 0.0041 r 
breaks per cell 0 

0.7846 chromosome 
exchanges per 
cell 

0.84 breaks per 
cell 

0.615 breaks per 
cell 
1.672 breaks per 
cell 

1.8 abnormalities 
per cell 

r = dose in roentgens; R = dose in Rads 
^The number of exchanges per cell equals the number of rings plus 

the number of dicentrics per cell; this number would be one-half the 
number of breaks. 

The number of breaks per cell equals the number of chromatid de­
letions plus the number of isochromatid deletions plus twice the number 
of chromatid exchanges. 
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The fact that extensive structural damage was transmitted and a 

high frequency of dominant lethality was found indicates that the post-

meiotic gametes of the Chinese hamster are very sensitive to X-ray-

induced damage. In various strains of mice for a dose of 400 rads, Frolen 

found the frequency of resorption to vary from 29 -31 percent; the L D ^ q ^ q ^ 

for these mice varied from 445 to 748 rads (Frolen, 1 9 6 3 ) . Russell (1954) 

found for mice that there was a 40 percent reduction in litter size (par­

tially due to preimplantation death) for an exposure of 600 r. The golden 

hamster, L D ^ q ^ q ^ 625 rads (Corbascio, Kohn, and Yerganian, 1 9 6 2 ) , shows 

an extreme sensitivity of mature sperm for a dose of 200 rads (Lyon and 

Smith, 1 9 7 1 ) ; 30 percent dominant lethality was found for this dose 

(including preimplantation death). Doses of 500 rads yielded 27 percent 

dominant lethality in the guinea pig, 40 percent in the rabbit, and 40 

percent in the mouse (Lyon and Smith, 1 9 7 1 ) . Thus, postmeiotic stages in 

the golden hamster and Chinese hamster are more sensitive to radiation-

induced damage than several other mammalian genera. 
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CHAPTER V 

CONCLUSIONS 

A study of the chromosomes of cultured embryos and lung cultures 

of month-old offspring sired by male Chinese hamsters (Cricetulus griseus 

Milne-Edw.) given an acute, whole-body exposure of 400 roentgens with 250 

KV X-rays has led to the following conclusions: 

1. Sites of resorption were found in the uteri of females mated 

with X-irradiated males, but they were not found in the controls. It is 

probable that they were sites of resorption of defective embryos sired by 

X-irradiated males. 

2. Reciprocal translocations were found in both an embryo culture 

and a lung culture of an offspring of X-irradiated male Chinese hamsters. 

These translocations resulted from X-ray-induced breaks in the fathers' 

gametes. 

3. The loss of an entire chromosome was also observed in the lung 

culture from a month-old hamster sired by an X-irradiated male. 

4. Statistical analysis of the centromere index and the homologue 

ratio of the first and second chromosome pairs revealed that there were 

significant differences between experimentals and controls in the morphol­

ogy of these chromosomes. These changes were caused by X-ray-induced 

breaks in the fathers' gametes. 

5. The centromere index is more sensitive than the homologue ratio 

as an indicator of radiation damage. 
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CHAPTER VI 

RECOMMENDATIONS 

Based on insight gained during the course of this investigation, 

the following recommendations are noted as being of future interest: 

1. Offspring of irradiated males could be tested for the presence 

of induced translocations (without sacrificing the animal) in the follow­

ing ways: (a) a male could be unilaterally orchidectomized, and spermato­

cytes examined for meiotic stages. Late pachytene could be examined for 

a cross-like configuration and mid-diplotene and diakenesis could be exam­

ined for a ring-of-four configuration indicating a reciprocal translocation 

(b) a blood sample could be grown in cell culture, colchicine added, and 

mitotic metaphases observed. The cell type sampled would be the leukocyte. 

Such procedures would insure the propagation of the translocation 

(assuming fertility of the animal). Thus, animals, which had been evalu­

ated cytologically, could be tested genetically and for viability, steril­

ity, and semi-sterility. Reciprocal translocation stocks would be very 

valuable for genetic analysis when genetic markers and linkage groups are 

determined for the Chinese hamster. 

2 . Experiments could be set up to determine the cause and frequency 

of embryonic death in embryos sired by irradiated males. Males would be 

irradiated, perhaps with an even higher dose than used in this study, 

since the L D ^ q ^ q ^ is 856 r (Corbascio, Kohn, and Yerganian, 1 9 6 2 ) . Sev­

eral factors could be varied to gain the most information as follows: 
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(a) the time between irradiation and mating could be varied to detect 

differences in stage sensitivity of the different spermatogenic stages; 

(b) the time of conception should be observed closely (i.e., the females 

should be observed to determine the time of estrus), and the females sacri 

ficed at various intervals so that various stages of embryogenesis could 

be examined for aberrations. Females should be examined for corpora 

lutea, normal and degenerating ova, or live and dead fetuses so that an 

estimation of the death before and after implantation could be made. 

Squash preparations could be made of the early stages in an effort to 

determine aberrations that might be eliminated in future mitotic divisions 
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APPENDIX I 

Table 8. Components of Cell Culture Media 

Compound mgm/liter 

Hank's Balanced Salt Solution 

NaCl 8000 

KCl 400 

CaCl 2'2H 20 186 

MgSO -7^0 100 

MgCl 2-6H 20 100 

Na oHP0.•7H o0 2 4 2 90 

K H 2 P 0 4 60 

Dextrose 1000 

Phenol red 5 

NaHC0 3 350 

Minimum Essential L-Amino Acids 

Arginine 105 
Cys tine 24 
His tidine 31 

PREPARATION OF CELL CULTURE MEDIA 

The culture media used for these studies is a modified form of 

that proposed by Eagle (1955, 1959) for the in vitro culture of mammalian 

cells. The composition of the media is given in Table 8. 
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Table 8. (Continued) 

Isoleucine 52 

Growth-Promoting Amino Acids 

Asparagine 35 
Glycine 15 
Serine 20 

Minimum Essential Vitamins 

Choline 1 
Folic Acid 1 
Inositol 2 
Nicotinamide 1 
Sodium pantothenate 1 
Pyridoxal 1 
Riboflavin 0.1 
Thiamine 1 

Others 

Sodium pyruvate H O 
Penicillin "G" sodium 50 
Dihydrostreptomycin sulfate 50 
Fetal Calf Serum (Armour Co.) 200 ml/liter 
2N NaOH T o adjust to 

P H 7.7 
H 0 T o make to vol-
2 ume (1000 ml) 

Water used to prepare the media had been twice distilled, and 

Leucine 52 
Lysine 58 
Methionine 15 
Phenylalanine 32 
Threonine 48 
Tryptophan 10 
Tyrosine 36 
Valine 46 
Glutamine 292 
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then deionized on an Amberlite ion exchange column (Rohm and Haas resins 

IRA 400 and IR 120). A conductivity bridge (YSI-Model 31) was used to 

measure the conductivity of the water; water which gave a resistance read­

ing of one million ohms or greater was acceptable for use in the media. 

Glassware used in preparation of the media was boiled in a solu­

tion of Microsolv, scrubbed and rinsed seven times with distilled water 

and dried in an oven. The Millipore filter apparatus and bottles for cell 

culture were autoclaved and stored in a hood and oven, respectively, each 

of which had a germicidal lamp. 

Stock solutions of the vitamins and amino acids (obtained from 

Nutritional Biochemicals, Cleveland, Ohio) were prepared in advance. The 

vitamins were dissolved in water and stored in sealed vials in a liquid 

nitrogen refrigerator. The amino acids, except for glutamine, were dis­

solved in 0.2 N HCI and kept frozen in a dry ice freezer. The first five 

compounds in Hank's Balanced Salt Solution were made up as one stock solu­

tion, and the next two as the phosphate buffer. All other compounds were 

added to the media separately. All stock solutions were prepared to yield 

the concentrations given in Table 8 when combined. The serum was filtered 

on a Seitz filter before it was added to the media. Sodium hydroxide (2 N) 

was used to adjust the pH to approximately 7.7 after the first five salts, 

amino acids, and phenol red indicator had been combined. Upon final mix­

ing, the media was filtered through a Millipore filter (GS type; mean 
o 

pore size, 0.22 microns) and stored in an incubator at 35 C under an at­

mosphere containing 5 percent carbon dioxide. 
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APPENDIX II 

(N-l) 

s-

I x 2 

(N-D 
X V N " \ / N " 

s -
X 

(N-l) 
\ / N ~ 

(A) The value of t for the Student's t-test was calculated for the length 

ratio as follows (Snedecor and Cochran, 1967): 

x = value to be tested 

u = population mean 

x — u 
t = with degrees of freedom (N-l) 

s/ V N 

STATISTICAL ANALYSIS 

The standard error of the mean (s-) was calculated as follows 
x 

(Snedecor and Cochran, 1967): 

N = sample size 

x = mean 

x = (X - x) deviation from the mean 

X = individual values 

2 2 x 2 

s 
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Values of t were compared with values given in a t-table for de­

grees of freedom equal to (N-l) . Values of x and s/^sfwhich yielded t-

values greater than or equal to those in the tables at P = 0.05, 0.01 

were said to be significantly or highly significantly different from u. 

A two tailed t-test was used because the length ratio could be either 

increased or decreased by the treatment. 

(B) An F-test was done on the centromere index (Snedecor and Cochran, 

1967) : 

where s^ is the larger mean square. A one-tailed F-test was used with 

df = N L-1 and d f 2 = N ^ l . 

(C) An analysis of variance (Snedecor and Cochran, 1967) was run on the 

controls to make certain that there was not more variation within the ani­

mals than among them. The analysis of variance was performed as follows: 

F = 2 / 2 
S l / S 2 

2 

between animals sum of squares ~ 

error sum of squares 

total sum of squares 

where T Z x 

Tm £ x 
m 

N total number of items 

m sample 
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Table 9. Control Embryo-Centromere Index --Pair 1 

Source Sum of Squares DF Variance Estimate 

Between 
Within 
Total 

animals 
animals 

0.0041447 
0.0304633 

5 
54 

0.0008289 
0.0005641 
0.000586 

F = 1.47 (N. S.) 

Table 10. Control Embryo-Centromere Index --Pair 2 

Source Sum of Squares DF Variance Estimate 

Between 
Within 
Total 

animals 
animal 

0.0039195 
0.0186415 

5 
54 

0.0007839 
0.0003452 
0.0003823 

F = 2.27 (N. S.) 

Table 11. Control Lung-Centromere Index-- Pair 1 

Source Sum of Squares DF Variance Estimate 

Between 
Within 
Total 

animals 
animal 

0.0092612 
0.0437038 

5 
54 

0.0018522 
0.0008093 
0.000898 

F = 2.30 (N. S.) 

Table 12. Control Lung-Centromere Index-- Pair 2 

Source Sum of Squares DF Variance Estimate 

Between 
Within 
Total 

animals 
animal 

0.0031891 
0.0174779 

5 
54 

0.0006378 
0.0003237 
0.000350 

F - 1.96 (N. S.) 
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Table 13. Control Embryo -Ratio- -Pair 1 

Source Sum of Squares DF Variance Estimate 

Between animals 
Within animal 
Total 

0.00765 
0.04890 

5 
54 

0.00153 
0.00204 
0.001958 

F = 0.74 (N. S.) 

Table 14. Control Embryo -Ratio --Pair 2 

Source Sum of Squares DF Variance Estimate 

Between animals 
Within animal 
Total 

0.0188 
0.0596 

5 
54 

0.00376 
0.00248 
0.0027 

F = 1.51 (N. S.) 

Table 15. Control Lung-Ratio--Pair 1 

Source Sum of Squares DF Variance Estimate 

Between animals 
Within animal 
Total 

0.0268 
0.0605 

5 
54 

0.00536 
0.00252 
0.00301 

F = 2.14 (N. S.) 

Table 16. Control Lung-Ratio--Pair 2 

Source Sum of Squares DF Variance Estimate 

Between animals 
Within animal 
Total 

0.0060 
0.0415 

5 
54 

0.0012 
0.0017 
0.00164 

F = 0.71 (N. S.) 
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(D) A t-test was also performed to determine whether there was a sig­

nificant difference between the centromere index of control chromosome 

pair 1 and control chromosome pair 2. In both the embryo and lung con­

trol there was a highly significant difference. 

t _ x - x* 
s (x - x') 

s ( x - x ' ) = \ / s 2 (§7^) 

-v / r s s + s s ' T l + ^ 1 
V L(N-l) + ( N ' - D l N N'J 

df = (N-l) + (N'-l) 

6.45 S. (0.05, 0.01) 

4.59 S. (0.05, 0.01) 

Embryo: t 

Lung: t 

0.471 - 0.445 
0.00403 

0.468 - 0.447 
0.00458 



54 

BIBLIOGRAPHY 

Amoroso, E. C., and Parkes, A. S.: "Effects on Embryonic Development of 
X-irradiation of Rabbit Spermatozoa in vitro." Proc. of the Royal 
Society of London Series B 134: 57-78 (1947). 

Bender, M. A., and Gooch, P. C : "Spontaneous and X-ray-induced Somatic-
chromosome Aberrations in the Chinese Hamster." Int. J. Rad. 
Biology 4(2): 175-184 (1961). 

Bender, M. A., and Gooch, P. C : "Persistent Chromosome Aberrations in 
Irradiated Human Subjects. II. Three and One-half Year Investi­
gation." Radiation Research 18: 389-396 (1963). 

Brooks, A. L., and Lengemann, F. W.: "Comparison of Radiation-induced 
Chromatid Aberrations in the Testes and Bone Marrow of the Chinese 
Hamster." Radiation Research 32: 587-595 (1967). 

Chang, M. C , Hunt, D. M. , and Romanoff, E. B. : "Effects of Radio-cobalt 
Irradia tion on Rabbit Spermatozoa in vitro on Fertilization and 
Early Development." The Anatomical Record 129(1): 211-224 (1957). 

Cooke, P., and Gordon, R. R.: "Cytological Studies on a Human Ring 
Chromosome." Annals of Human Genetics 29: 147-150 (1965). 

Corbascio, A. N. , Kohn, H. I., and Yerganian, G.: "Acute X-ray Lethality 
in the Chinese Hamster after Whole-body and Partial-body Irradia­
tion." Radiation Research 17: 521-530 (1962). 

Eagle,H.: "Nutritional Needs of Mammalian Cells in Tissue Culture." 
Science 122(3168): 501-504 (1955). 

Eagle, H. : "Amino Acid Metabolism in Mammalian Cell Cultures." Science 
130(3373) : 432-437 (1959). 

Edwards, R. G.: "The Experimental Induction of Pseudogamy in Early Mouse 
Embryos." Experimentia 10(12) : 499-500 (1954). 

Eschenbrenner, A. B., and Miller, E.: "Effects of Roentgen Rays on the 
Testis; Quantitative Histological Analysis Following Whole-body 
Exposure of Mice." Archives of Pathology 50: 736-749 (1950). 

Fetner, R. H.: "A Comparison of Radiation-induced Reproductive Death and 
Chromosome Exchanges in Chinese Hamster Cells at Room Temperature 
in Liquid Nitrogen." Int. J. Rad. Biology 17(5): 467-478 (1970). 

Fetner, R. H.: Unpublished data. 



55 

Ford, C. E.: "Selective Pressure in Mammalian Cell Populations." in 
R. J. C. Harris (Ed.) Cytogenetics of Cells in Culture. Academic 
Press, New York, pp. 27-45 (1964). 

Ford, C. E., and Hamerton, J. L.: "A Colchicine, Hypotonic Citrate Squash 
Sequence for Mammalian Chromosomes." Stain Technology 31 (6) : 
247-251 (1956). 

Ford, C. E., Jones, K. W. , Poloni, P. E., de Almeida, J. C , Briggs, J. H. : 
"A Sex-chromosome Anomaly in a Case of Gonadal Dysgenesis (Turner's 
Syndrome)." Lancet i; 711 (1959). 

Ford, D. K., and Yerganian, G.: "Chinese Hamster Cells in Tissue Culture." 
Journal of the Natl. Cancer Institute 21: 393-425 (1958). 

Fraccaro, M., and Lindsten, J.: "The Nature, Origin, and Genetic Impli­
cations of Structural Abnormalities of the Sex Chromosomes in Man." 
in R. J. C. Harris (Ed.) Cytogenetics of Cells in Culture. 
Academic Press, New York and London. pp. 97-110 (1964). 

Fredga, K., and Santesson, B. : "Male Meiosis in the Syrian, Chinese, and 
European Hamsters." Hereditas 52(1): 36-48 (1964). 

Frb'len, H. : "Embryonic Lethality of Various Mouse Strains as a Consequence 
of X-Irradiation-induced Injuries of the Father's Spermatozoa." 
Radiation Research 25: 668-673 (1965). 

Griffen, A. B.: "Occurrence of Chromosomal Aberrations in Prespermatocytic 
Cells of Irradiated Male Mice.: Proc. Nat. Acad. Sci. (U. S. A.) 
44: 691-694 (1958). 

Hatfield, E. A.: "Observations on the Chromosomal Complements of Chinese 
Hamster Primary Cell Strains in vitro." Thesis, Georgia Institute 
of Technology. (1968). 

Henson, M. : "The Effect of Roentgen Irradiation of Sperm Upon the Embry­
onic Development of the Albino Rat (Mus Norwegicus Albinus). 
J. Exptl. Zool. 91; 405-434 (1942). 

Hertwig, P.: "Sterilitatserscheinungen bei rontgenbestrahlten Mausen." 
Z. indukt. Abstammungs-u. Vererbungslehre 70: 517-523 (1935). 

Hertwig, P., and Brenneke, H.: "Die Ursachen der herabgesetzten 
Wurfgro'sse bei Mausen nach Rontgenbestrahlung des Spermas." 
Z. indukt. Abstammungs-u. Vererbungslehre 72: 483-487 (1937). 

Hertwig, P.: "Die Regeneration des Samenepithels der Maus nach 
Rontgenbestrahlung, unter besonderer Berucksichtigung der 
Spermatogonien." Arch, exptl. Zellforsch. 22: 68-73 (1938). 



56 

Hsu, T. C.: "Mammalian Chromosomes _in vitro. XVI. Analysis of 
Chromosome Breakage in Cell Populations of the Chinese Hamster." 
Canadian Cancer Conferences 5: 117-127 (1962). 

Jones, E. A.: "Number of Spermatogonia after X-irradiation of the Adult 
Rat." Int. J. Rad. Biology 2(2): 157-170 (1960). 

Kenter, G. C.: "Physiology of Reproduction." in Hoffman, R. A., 
Robinson, P. F., and Magalhaes, H. (Eds.) The Golden Hamster. 
The Iowa State University Press, Ames, Iowa. pp. 119-138 (1968). 

Roller, P. C , and Auerbach, C. A.: "Chromosome Breakage and Sterility 
in the Mouse." Nature 148: 501-502 (1941). 

Lea, D. E.: Actions of Radiations on Living Cells. 2nd ed., reprinted. 
Cambridge at the University Press (1962). 

Leonard, A., and Deknudt, G.: "The Sensitivity of Various Germ-cell 
Stages of the Male Mouse to Radiation Induced Translocations." 
Can. J. Genetics and Cytol. 10: 495-507 (1968). 

Lindsley, D. L.: "General Survey of Genetic Effects of Chromosome 
Aberrations." in Wolff, S. (Ed.) Radiation-induced Chromosome 
Aberrations. Columbia University Press, New York and London, 
pp. 273-289 (1963). 

Lyon, M. F., and Smith, B. D.: "Species Comparisons Concerning Radiation-
induced Dominant Lethals and Chromosome Aberrations." Mutation 
Research 11: 45-58 (1971). 

McClintock, B.: "The Production of Homozygous Deficient Tissues with 
Mutant Characteristics by Means of the Aberrant Behavior of Ring-
shaped Chromosomes . " Genetics 23: 315-376 (1938). 

McClintock, B.: "The Behavior in Successive Nuclear Divisions of a 
Chromosome Broken in Meiosis." Proc. Nat. Acad. Sci. (U. S. A.) 
25: 405-416 (1939). 

Mandl, A. M.: "The Radiosensitivity of Germ Cells." Biol. Rev. 39: 
288-371 (1964). 

Oakberg, E. A.: "Gamma-ray Sensitivity of Spermatogonia of the Mouse." 
J. Exptl. Zool. 134(2): 343-356 (1957). 

Oakberg, E. A.: "A New Concept of Spermatogonial Stem-cell Renewal in 
the Mouse and its Relationship to Genetic Effects." Mutation 
Research 11; 1-7 (1971). 

Regaud, C , and Dubreuil, G.: "Perturbations Dans Le Developpment Des 
Oeufs Fecondes Par Des Spermatozoides Roentgenises Chez Le Lapin." 
Comp. Rend. Soc. Biol. 64: 1014-1016 (1908). 



5 7 

Robinson, A.: "A Proposed Standard System of Nomenclature of Human 
Mitotic Chromosomes." in Montague, M. F. A. (Ed.) Genetic 
Mechanisms in Human Disease. Charles C. Thomas, Publisher, 
Springfield, Illinois. pp. 57-64 (1961). 

Russell, L. B.: "Genetics of Mammalian Sex Chromosomes." Science 
133(3467) : 1795-1803 (1961). 

Russell, L. B., and Saylors, C. L.: "Induction of Paternal Sex Chromosome 
Losses by Irradiation of Mouse Spermatozoa." Genetics 47: 7-10 
(1962). 

Russell, L. B., and Saylors, C. L.: "The Relative Sensitivity of Various 
Germ-cell Stages of the Mouse to Radiation-induced Nondisjunction, 
Chromosome Losses and Deficiencies." in Sobels, F. H. (Ed.) 
Repair from Genetic Radiation Damage and Differential Radiosensi-
tivity in Germ Cells. Pergamon Press, Oxford, London, New York, 
Paris, pp. 313-340 (1963). 

Russell, W. L.: "Genetic Effects of Radiation in Mammals." in Hollaender, 
A. (Ed.) Radiation Biology. Vol. I. High Energy Radiation, part 
11. McGraw-Hill Book Co., Inc., New York, pp. 825-859 (1954). 

Sax, K.: "The Behavior of X-ray Induced Chromosomal Aberrations in Allium 
Root Tip Cells." Genetics 26: 418-425 (1941). 

Snedecor, G. W., and Cochran, W. G.: Statistical Methods. Iowa State 
University Press, Ames, Iowa. (1967). 

Snell, G. D.: "X-ray Sterility in the Male House Mouse." J. of Exptl. 
Zool. 65: 421-441 (1933). 

Snell, G. D.: "The Production of Translocations and Mutations in Mice by 
Means of X-rays." The American Naturalist 68: 178 (1934). 

Snell, G. D.: "The Induction by X-rays of Hereditary Changes in Mice." 
Genetics 20: 545-567 (1935). 

Snell, G. D.: "An Analysis of Translocations in the Mouse." Genetics 
31: 157-180 (1946). 

Strandskov, H. H.: "Effects of X-rays in an Inbred Strain of Guinea Pigs." 
J. Exptl. Zool. 63: 175-202 (1932). 

Turner, C. D.: General Endocrinology. 4th Edition, W. B. Saunders 
Company, Philadelphia and London. pp. 490-491 (1966). 

Utakoji, T.: "Chronology of Nucleic Acid Synthesis in Meiosis of the 
Male Chinese Hamster." Experimental Cell Research 42(3) : 585-596 
(1966). 



5 8 

Wakonig, R. , and Ford, D. K. : "Chromosome Aberrations in Irradiated Cells 
of Chinese Hamster Grown in Tissue Culture." Can. J. Zool. 38: 
203-207 (1960). 

Wolff, S.: "Chromosome Aberrations and the Cell Cycle." Radiation 
Research 33: 609-619 (1968). 

Yerganian, G.: "The Striped-back or Chinese Hamster, Cricetulus griseus." 
Journal of the Natl. Cancer Institute 20: 705-727 (1958). 

Yerganian, G.: "Chromosomes of the Chinese Hamster, Cricetulus griseus. 
I. The Normal Complement and Identification of Sex Chromosomes." 
Cytologia (Tokyo) 24(1): 66-75 (1959a). 

Yerganian, G.: "The Effects of TEM on Heterochromatin and Sex Chromosomes 
of the Chinese Hamster (Cricetulus griseus)." Proc. Amer. Assoc. 
Cancer Res. 3: 75 (1959b). 

Yerganian, G., Kato, R., Leonard, M. J., Gagnon, H. J., and Grodzins, L. A. 
" S e x C h r o m o s o m e s i n M a l i g n a n c y , T r a n s p l a n t a b i l i t y o f G r o w t h s , a n d 

Aberrant Sex Determination." in Cell Physiology of Neoplasia. 
University of Texas Press, Austin. pp. 48-96 (1960). 

Yerganian, G.: "Chromosome Cytology of Medical Anomalies." in Wolff, S. 
(Ed.) Radiation-induced Chromosome Aberrations. Columbia University 
Press, New York and London. pp. 237-270 (1963). 

Yerganian, G., Ho, T., and Cho, S. S.: "Retention of Euploidy and 
Mutagenicity of Heterochromatin in Culture." in Harris, R. J. C. 
(Ed.) Cytogenetics of Cells in Culture. Academic Press, New York 
and London, pp. 79-96 (1964). 


