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INTRODUCTION 

1969 marks the  completion of our s i x t h  o p e r a t i o n a l  year f o r  
t h i s  r e sea rch  p r o j e c t .  I t  i s  noteworthy t h a t  w e  have made a major 
advance i n  one of our troublesome a r e a s ,  namely; t h e  s t a t i s t i c a l  
method f o r  ana lyz ing  t h e  d a t a  concerned wi th  dose- re la ted  changes 
i n  spermatogenesis.  A working model has  been e s t a b l i s h e d  ( see  
d i scuss ion  of sperm concen t r a t ion  changes) .  

1. 

2. 

3 .  

4. 

5 .  

6 .  

7 .  

8. 

9. 

D e f i n i t i o n  of t h e  x-ray induced sperm count "decreases"  
i n  t e r m s  of rad  dosage. 

Desc r ip t ion  of the  t e s t i c u l a r  h i s t o l o g i c  changes dur ing  
t h e  damage and r e p a i r  phases fol lowing x-ray i r r a d i a t i o n .  

Determined the r e l a t i o n s h i p  between decreased spermato- 
genes i s  and increased  u r i n a r y  Fo l l i c l e -S t imula t ing  
Hormone ( F S H )  t i t e r s  fol lowing x-ray i r r a d i a t i o n .  

Uncovered evidence t h a t  sugges ts  a l t e r a t i o n s  i n  Leydig- 
c e l l  func t ion  do occur following i r r a d i a t i o n .  

Es t ab l i shed  methods f o r  measuring serum l u t e i n i z i n g  
hormone (LH) and serum FSH t i t e r s  by radioimmunoassay. 

E s s e n t i a l l y  completed a s e n s i t i v e ,  accu ra t e  method fo r  
determining serum t e s t o s t e r o n e  l e v e l s  by a p ro te in -  
b inding  and displacement technique.  

Obtained pre l iminary  d a t a  which suppor ts  t h e  conten t ion  
t h a t  a t e s t i c u l a r  biopsy procedure or  exposure t o  x-ray 
i r r a d i a t i o n  may i n i t i a t e  an immunologic response i n  the  
germinal ep i the l ium.  

Completed t h e  mannikin dosimetry s t u d i e s  wi th  t h e  neutron 
gene ra to r .  

I n i t i a t e d  s t u d i e s  t o  examine the  p o s s i b l e  p r o t e c t i v e  
in f luence  of t e s t o s t e r o n e  admin i s t r a t ion  p r i o r  t o  x-ray 
i r r a d i a t i o n  I 

J 



DETAILS OF PROGRESS REPORT 

1. S t a t u s  of Inmate Volunteers:  S i n c e  t he  incep t ion  of our p r o j e c t  
t h e  procedures used f o r  ob ta in ing  vo lun tee r s  and working wi th  
these  men have worked w e l l  and no major problems have a r i s e n .  
The fol lowing summary l is ts  the  numbers of r e sea rch  vo lun tee r s  
and t h e i r  r e s p e c t i v e  c a t e g o r i e s :  

A. 

B. 

C. 

D. 

E. 

F. 

Tota l  i n m a t e s  accepted f o r  p r o j e c t  (165) 

To ta l  men i r r a d i a t e d  (60) 

Number of inmates dropped from program because of 
pe r sona l  reasons  or non-related medical problems, 
n o t  i r r a d i a t e d  (41) I i r r a d i a t e d  (2)  

Number of vo lun tee r s  who have been r e l e a s e d  from 
t h e  p e n i t e n t i a r y  (81) 

Number of vo lun tee r s  who have had a b i l a t e r a l  
vasectomy p r i o r  t o  r e l e a s e  (40) 

N u m b e r  of i r r a d i a t e d  vo lun tee r s  who d i d  n o t  have a 
Vasectomy; dec l ined  and h a s  been r e l e a s e d  from t h e  
p e n i t e n t i a r y  (1); mutual agreement no t  t o  have 
vasectomy, post-myocardial i n f a r c t i o n ,  c u r r e n t l y  
s e r v i n g  a l i f e  sentence (1) 

11. Seminal F lu id  Examination 

A. I n t roduc t ion :  Seminal f l u i d  sperm concen t r a t ion  r e p r e s e n t s  
t h e  c r i t i c a l  end-point w e  have s e l e c t e d  t o  a s s e s s  changes i n  
sperm product ion fol lowing i r r a d i a t i o n .  A l t e r n a t i v e  par- 
ameters w e r e  examined t o  determine whether o r  no t  they  might 
be more reproducib le  or m o r e  s e n s i t i v e  i n d i c a t o r s .  
cluded m o t i l i t y ,  s u p r a v i t a l  s t a i n i n g  f o r  l ive/dead r a t i o  
measurements and morphology. D r .  Wm. C l a r k e ' s  group a t  
Hanford w e r e  ins t rumenta l  i n  t h i s  p a r t  of our i n v e s t i g a t i o n .  
The r e s u l t s  of t h e s e  s t u d i e s  i n d i c a t e d  t h a t  m o t i l i t y  e s t i m a t e s  
w e r e  not a more s e n s i t i v e  i n d i c a t o r .  Furthermore, t h e s e  
e s t ima tes  w e r e  too s u b j e c t i v e  for c o n s i s t e n t  r e l i a b i l i t y .  
Changes i n  l ive/dead r a t i o  p a r a l l e l e d  our sperm concen t r a t ion  
r e s u l t s  and thus  d i d  no t  afford any advantage over t h e  l a t t e r  
parameter 

These in- 

This  year  D r ,  Thorslund, who jo ined  our p r o j e c t  team a s  a 
par t - t ime b i o s t a t i s t i c i a n ,  examined our p a s t  methods f o r  
determining sperm count changes fol lowing i r r a d i a t i o n  and 
recommended t h a t  a new approach be used. The b a s i s  f o r  t h i s  
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recommendation l i e s  i n  a s tudy which evaluated the  na tu re  of 
sperm count v a r i a t i o n  ( see  s e c t i o n  B ) .  Various mathematical 
models w e r e  considered t o  dea l  with t h i s  problem. The d e t a i l s  
of t h i s  d e l i b e r a t i o n  as w e l l  a s  t h e  model which was used t o  
d e r i v e  t h e  proposed dose response curve ,  a r e  given i n  s e c t i o n s  
C and D.  

B. The na tu re  of sperm-count v a r i a t i o n .  I t  i s  w e l l  recognized that 
q u a n t i t a t i v e  measurements of  t he  number o r  d e n s i t y  of sperm i n  
s e p a r a t e  e j a c u l a t e s  from a given ind iv idua l  a r e  u s u a l l y  d i f f e r e n t  
Thus the  measured sperm count i s  a v a r i a b l e .  I n  any at tempt  t o  
d e t e c t  a change i n  sperm concent ra t ion  which i s  due t o  some 
phys ica l  manipulat ion,  t h e  knowledge of t h e  e x t e n t  and p a t t e r n  
i n  t h i s  v a r i a b i l i t y  i s  of c r i t i c a l  importance. This becomes 
e s p e c i a l l y  r e l e v a n t  i f  t h e  d e t e c t i o n  of poss ib l e  changes i s  t o  be 
determined by the  means of some s t a t i s t i c a l  t e s t .  

Any s t a t i s t i c a l  t e s t  makes very e x p l i c i t  assumptions about t h e  
na tu re  of v a r i a b i l i t y .  I t  follows then t h a t  i f  t hese  assumptions 
a r e  n o t  conformed t o  i n  a given s i t u a t i o n  then t h e  conclusions 
reached can be erroneous.  Several  common assumptions upon which 
many s t a t i s t i c a l  t e s t s  a r e  based include:  normali ty ,  homogeneity 
of var iance  and independence of observat ions.  Before we could 
f i n a l i z e  our method fo r  analyzing the  sperm count d a t a  it was 
necessary t o  examine t h e  v a l i d i t y  of each of t hese  assumptions 
as they pe r t a ined  t o  our s i t u a t i o n .  

1. Normality 

Under the  assumption of normality t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
of t h e  v a r i a b l e  x sperm count is: 

2 
where p, a r e  t h e  mean and var iance  of t h e  sperm count ,  
r e s p e c t i v e l y .  The func t ion  f ( x )  desc r ibes  t h e  f a m i l i a r  
symmetrical bell-shaped curve.  

To t e s t  t h e  assumption of normali ty ,  f i v e  ind iv idua l s  who had an 
excess  of f i f t y  sepa ra t e  c o n t r o l  sperm counts w e r e  s e l e c t e d .  The 
mean and var iance  of each i n d i v i d u a l ' s  sperm count w e r e  computed. 
Using t h e  est imated means and var iances  and t h e  assumption of 
normali ty ,  sperm-count i n t e r v a l s ,  all of which had an equal  
p r o b a b i l i t y  of a sperm count f a l l i n g  w i t h i n  them, were obtained.  
The number of i n t e r v a l s  obtained was t h e  l a r g e s t  i n t e g e r  k such 

- 1-45, where n i s  the  number of c o n t r o l  sperm count of 
T h i s  insured t h a t  we  would have t h e  maximum 



number of i n t e r v a l s  under  the  r e s t r i c t i o n  t h a t  the  expected 
number of observat ions i n  each i n t e r v a l  was f i v e  o r  more. The 
observed number of sperm counts f a l l i n g  i n t o  the  i n t e r v a l s  was 
then t abu la t ed .  
r e s u l t i n g  d a t a ,  where Xzhas  k-3  degrees  of freedom. The n u l l  
hypothesis  of t h e  observat ions coming from a normal d i s t r i b u t i o n  
was r e j e c t e d  f o r  four of the  f i v e  ind iv idua l s  a t  t h e  .05 l e v e l .  
The reason fo r  t h i s  was p r imar i ly  due t o  an excess  of observed 
observa t ions  i n  the  lower i n t e r v a l s .  This implies  t h a t  t he  t r u e  
sperm-count p r o b a b i l i t y  d i s t r i b u t i o n  i s  probably skewed toward 
smaller  sperm counts .  

A x2 goodness of f i t  t e s t  was r u n  on the  

If  the  o b j e c t  of  an experiment i s  t o  d e t e c t  a d i f f e r e n c e  between 
means, then it is of l i t t l e  p r a c t i c a l  consequence i f  t he  assumption 
Of normali ty  is adhered . to .  However, i f  a qua l i t y -con t ro l - cha r t  
approach t h a t  assumes normali ty  i s  u t i l i z e d ,  then the  lack  of 
normali ty  could lead  t o  seve ra l  e r r o r s .  General ly ,  t he  qua l i t y -  
c o n t r o l  approach s i g n i f i e s  the  establ ishment  of a base- l ine  or  
mean. I f  subsequent observa t ions  a re  more than a s p e c i f i e d  number 
of s tandard dev ia t ion  u n i t s  away from t h e  base- l ine ,  then t h e  
process  is  s a i d  t o  be out  of con t ro l .  The number of s tandard 
dev ia t ion  u n i t s  chosen i s  determined by the  propor t ion  of t he  t i m e  
o r e  one is  w i l l i n g  t o  say the process  i s  out  of c o n t r o l  when, 
i n  f a c t ,  it is  not ,  I f  sperm-count d a t a  a r e  i n  f a c t  skewed 
towards the  smaller  sperm-count va lues ,  as our d a t a  i n d i c a t e ,  
then we would be s t a t i n g  t h a t  t h e  process  is out  of c o n t r o l  
when, i n  f a c t ,  it is  not  a propor t ion  of the  time t h a t  can be 
considerably g r e a t e r  than 6c . I n  o ther  words, w e  w i l l  be 
making a type I e r r o r  g r e a t e r  than the  claimed value of d . 
This type of s i t u a t i o n  can be depic ted  v i s u a l l y  as i s  shown i n  
Fig.  l o  

I n  add i t ion ,  examination of d a t a  from seve ra l  i n d i v i d u a l s  not  
included i n  t he  p resen t  s t u d y  revealed t h a t  the  c o n t r o l  l i n e ,  
w i th  i t s  s tandard  dev ia t ion  u n i t s ,  be s e t  a t  values  less than 
zero ,  That i s  using the  assumption of normali ty .  This would 
make it impossible  t o  say t h a t  t he  sperm counts f o r  these  
i n d i v i d u a l s  w e r e  ever o u t  of c o n t r o l ,  r ega rd le s s  of how l o w  t h e  
p o s t  i r r a d i a t i o n  sperm counts became, 

Therefore ,  we can conclude t h a t  a qua l i t y -con t ro l  approach which 
assumes normali ty  cannot be used f o r  our sperm-count d a t a .  

2.  Homoqeneity of Variance 

The ex i s t ence  of equal  var iances  f o r  a l l  t he  popula t ions  
t o  be compared is an assumption t h a t  is made for most 
parametr ic  and non-parametric s t a t i s t i c a l  tests. Looking 
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Fig. 1. Hypothet ical  Re la t ionsh ip  B e t w e e n  Normal and True 
Sperm-Count P r o b a b i l i t y  D i s t r i b u t i o n s  

Assumed shape under normali ty  

M- zcx G 

c o n t r o l  l i n e  

e shape of curve 

Ci - s t a t e d  e r r o r  

ct + a ,  = t r u e  e r r o r  

cx = s ta ted  e r r o r  
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a t  our c o n t r o l  sperm-count d a t a ,  it appeared t h a t  t h e  
v a r i a b i l i t y  i n  sperm counts  was d i r e c t l y  p ropor t iona l  
t o  the  mean sperm count.  

I n  order  t o  t e s t  t h i s  hypo thes i s ,  t h e  fol lowing experiment 
was performed. For 7 8  i n d i v i d u a l s  who had e i g h t  o r  more 
c o n t r o l  sperm counts ,  t he  sample mean and var iance  were 
computed and p l o t t e d  a g a i n s t  each o the r  on a graph. The 
graph i n d i c a t e d  t h a t  a quadra t ic - type  r e l a t i o n s h i p  of t he  
form s2 = a + f3 %2might be used t o  de f ine  t h e  r e l a t i o n s h i p  
between t h e  mean and var iance .  A s  a r e s u l t ,  the  para- 
meters s/,@ w e r e  es t imated  us ing  the  method of l e a s t  square 
and the  r e l a t i o n s h i p ,  S2 = a f b Z2, t hus  obtained.  Next, 
the  n u l l  h y p o t h e s i s , & =  0,  was t e s t e d  and accepted a t  t h e  
. 05  l e v e l .  This implied t h a t  t h e  s tandard  d e v i a t i o n  was 
d i r e c t l y  p ropor t iona l  t o  the  mean. This a l lows us  t o  o b t a i n  
e q u a l i t y  of va r i ances  through t h e  use of the  var iance  
s t a b i l i z i n g  t ransformat ion  h x .  

Thus, i n  any s t a t i s t i c a l  t e s t  used t o  i n v e s t i g a t e  d i f f e r e n c e s  
i n  sperm-count l e v e l s ,  i t  is  concluded t h a t  t h e  t e s t  should 
no t  run on the  observed d a t a  x b u t  on t h e  transformed 
va lues  lnx .  I f  t he  p o s s i b i l i t y  of x = 0 e x i s t s ,  then the  
t ransformat ion  could be a l t e r e d  t o  l n ( x  + 1). 

3. Independence of Observations 

Most s t a t i s t i c a l  t es t s  a r e  based on the  e x p l i c i t  assumption 
t h a t  i f  t he  mean i s  known then the  l e v e l  of one observa t ion  
g ives  you no new information about the  l e v e l  of t h e  nex t  
observa t ion .  However, i f  t r u e  i n  our s i t u a t i o n ,  knowing 
an i n d i v i d u a l ' s  sperm count one week would g ive  u s  no more 
information about what would be nex t  week than j u s t  knowing 
the  i n d i v i d u a l  mean sperm count.  

To t e s t  t h i s  assumption e igh teen  i n d i v i d u a l s  who had s ix -  
t e e n  or more weeks of consecut ive sperm counts  w e r e  t e s t e d  
t o  s e e  i f  t h e i r  au to -co r re l a t ion  func t ion  over a six-week 
pe r iod  was d i f f e r e n t  from zero.  Since the  sample s i z e s  
w e r e  r e l a t i v e l y  sma l l ,  the  exac t  tes t  had t o  be used. 
Because t h i s  tes t  r e q u i r e s  ex tens ive  c a l c u l a t i o n s ,  a 
computer program was devised t o  f a c i l i t a t e  t h e  work. 
The r e s u l t s  a r e  shown i n  Table 1: 

1 0 0 1 9 1 3  

l a g  time t (weeks  between observa t ions)  
1 2 3 4 5 6 

Number s i g n i f i c a n t  
a t  .05 l e v e l  1 2  7 4 3 2 1 
ou t  of 18 

Table 1 



These r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  some t r end  based on time 
f o r  sperm counts  of the  same i n d i v i d u a l .  This l e d  u s  t o  con- 
clude t h a t  w e  had t o  t ake  maximum c a r e  i n  i n t e r p r e t i n g  sperm- 
count change a f t e r  a t rea tment  s i n c e  some changes could be due 
merely t o  a gene ra l  change over time t h a t  would have occurred 
r e g a r d l e s s  of i r r a d i a t i o n .  

I n  summary, a n a l y s i s  of our control data  c leax ly  demonstrates 
t h a t  sperm-count d a t a  disobey those cond i t ions  a s t a t i s t i c i a n  
would l i k e  t o  impose upon them. A s  a r e s u l t ,  any d i f f e r e n c e  
between sperm count groups cannot be based upon ' ' s tandard" 
s t a t i s t i c a l  tests b u t  have t o  be based upon r a d i c a l  d i f f e r e n c e s .  
For example, i f  all t h e  observa t ions  i n  t h e  c o n t r o l  group a r e  
g r e a t e r  than a l l  t h e  observa t ions  i n  t h e  t e s t  group o r  post-  
i r r a d i a t i o n  per iod  then w e  might con jec tu re  t h a t  t h e  sperm counts  
were reduced. 

C. Mathematical Models. Our u l t i m a t e  goa l  i s  t o  develop a r e a l i s t i c  
mathematical model which bea r s  on t h e  mode of a c t i o n  t h a t  
r a d i a t i o n  e x e r t s  on human sperm product ion.  Such a model would 
u t i l i z e  sperm count d a t a ,  u r i n a r y  and/or serum FSH t i t e r s  and 
q u a n t i t a t i v e  s t u d i e s  of the  germinal ep i the l ium.  A t  t he  p re sen t  
t i m e  a v i a b l e  method f o r  ob ta in ing  h i s t o l o g i c  q u a n t i t a t i o n  needs 
t o  be developed before  such a model can be der ived  and t e s t e d .  

I n  t h e  meantime t h e r e  a r e  s e v e r a l  models which have-been shown 
t o  be u s e f u l  i n  p r e d i c t i n g  a l l  o r  none e f f e c t s  of r a d i a t i o n .  
These were i n v e s t i g a t e d  t o  determine t h e i r  a p p l i c a b i l i t y  wi th  
r e s p e c t  t o  our d a t a .  

1. The M u l t i v a r i a t e  One-Hit Curve 

This  model assumes t h a t  any one of m environmental f a c t o r s  
a c t i n g  independently of each o the r  could produce the  e f f e c t ,  
i f  t h e  f a c t o r  des t roys  the  " c o n t r o l  volume" of t he  t a r g e t  
organism. This may be w r i t t e n  i n  mathematical n o t a t i o n s  
a s  : 

+ @2'2j P x ' )  +..... m m) 

Where t h e  Xi j  , i = 1 , 2 , .  . - m a r e  t h e  environmental f a c t o r s  
f o r  t h e  j t h  i n d i v i d u a l ,  P, i s  t h e  p r o b a b i l i t y  of t he  e f f e c t ,  
and p1,p2, ...., f3m are t h e  unknown parameters t o  be 
es t imated .  
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2 .  M u l t i v a r i a t e  L o q i s t i c  Curve 

I n  t h i s  model it i s  assumed t h a t  i n d i v i d u a l s  have a normally 
d i s t r i b u t e d  t o l e r a n c e  t o  a sum of environmental  f a c t o r s .  
Using t h e  n o t a t i o n  of t he  previous model t h i s  can be 
w r i t t e n  a s  

(2 .2)  P = 1 j 

I n  both i n s t a n c e s  t h e  equat ions  f o r  e s t ima t ing  t h e  parameters 
(81,82.. . . . , pm) were obtained by the  method of maxiinsrn l i k e l i -  

hood. The s o l u t i o n  i s  dependent upon so lv ing  a s e t  of 
simultaneous non-l inear  equat ions ,  which could take  yea r s  t o  
complete by hand c a l c u l a t i o n  i f  m i s  g r e a t e r  than one. A s  a 
r e s u l t  i t  was necessary t o  develop a computer program t o  ob ta in  
t h e  necessary  s o l u t i o n s .  

The e s t ima tes  of t he  parameters  can then be u t i l i z e d  t o  ob ta in  
e s t i m a t e s  of new parameters  such a s  ED/50,  and the  maximum 
l i k e l i h o o d  theory can be employed t o  o b t a i n  confidence i n t e r v a l s  
f o r  t h e s e  e s t i m a t e s "  

There i s  another  f a c e t  t o  the  handl ing of our d a t a  t h a t  r e q u i r e s  
cons ide ra t ion ;  t h a t  i s  t h e  proposed procedure is based upon a 
mathematical  theory  which assumes t h a t  our  sample s i z e s  a r e  
approaching i n f i n i t e  s i z e .  Therefore ,  the  v a l i d i t y  of  our 
r e s u l t s  f o r  t he  small  sample s i z e s  which w e  a r e  dea l ing  wi th  need 
t o  be eva lua ted .  

By t h e  use of l a r g e  s c a l e  computers we a r e  provided wi th  an 
empi r i ca l  method t o  check the  r e s u l t s  obtained by asymptotic 
theory .  This  method i s  c a l l e d  s imula t ion  or Monte Carlo techniques .  
For example, a random sample assuming a s p e c i f i c  form and value 
of parameters  of t he  mathematical model t o  be i n v e s t i g a t e d  i s  
generated f o r  t h e  f i x e d  experimental  design which w i l l  be used. 
Then t h e  c a l c u l a t i o n s  a r e  performed wi th  t h e s e  d a t a  and the  
e s t ima tes  obta ined .  This process  i s  repea ted  many t imes.  The 
mean e s t ima tes  and va r i ances  which a r e  obtained a r e  then compared 
t o  the  mean e s t ima tes  and var iances  c a l c u l a t e d  from. our a c t u a l  
parameters .  I f  t h e  a c t u a l  and cont r ived  mean e s t ima tes  a r e  
comparable then w e  can be conf ident  t h a t  our theory i s  app l i cab le  
for  o u r  r e l a t i v e l y  small  sample s i z e s .  



XI. Rcsu l t s  of Our Spcrm-Count Ana1ys:i.s 

1. In t roduc t ion .  The u l t i m a t e  o b j e c t i v e  i n  ob ta in ing  a dose- 
response r e l a t i o n s h i p  between r a d i a t i o n  and i t s  e f f e c t  upon 
human spcrin product ion i s  t o  a s s e s s  the magnitude of danger t o  
male f e r t i l i t y  which known amounts of r a d i a t i o n  p r e s e n t .  

Using a dose-response curve ,  t h i s  type of information may be 
summarized i n  t h e  form of ED/P/ t  e s t i m a t e s ,  where the syrnbol 
ED/P/t  i s  the usua l  n o t a t i o n  f o r  the dose of r a d i a t i o n  t h a t  w i l l  
cause t h e  i n v e s t i g a t e d  e f f e c t  t o  be p r e s e n t  i n  a propor t ion  P 
of  t he  popula t ion  by p o s t - i r r a d i a t i o n  t i m e  t. 

I n  ob ta in ing  such  e s t i m a t e s ,  two dec i s ions  m u s t  be reached; 
t h e  response metameter o r  b i o l o g i c a l  end-point to be used and t h e  
mathematical f o r m  of the dose-response curve t o  be used. 

2 .  S e l e c t i o n  of t h e  End-Point. I n  the p r e s e n t  s i t u a t i o n ,  a s  a 
minimal requirement ,  any s e l e c t e d  end-point should conform t o  
two very  gene ra l  cond i t ions .  An end-point should be a f f e c t e d  
only by r a d i a t i o n  and a d d i t i o n a l  f a c t o r s  t h a t  can be adjus ted  
f o r ,  and i t  should have b i o l o g i c a l  s i g n i f i c a n c e  i n  i t s  own r i g h t .  

An end-point t h a t  has  been used  p rev ious ly ,  which c l e a r l y  

The  p r o b a b i l i t y  of d e t e c t i n g  a change i n  sperm 
v i o l a t e s  t h e s e  c r i t e r i a ,  i s  t h e  s t a t i s t i c a l l y  s i g n i f i c a n t  change 
i n  sperm count.- 
counts  by  s t a t i s t i c a l  methods i s  not  on ly  due t o  a c t u a l  change 
i n  sperm product ion b u t  a l s o  t o  t h e  experimental  design used and 
t o  the s t a t i s t i c a l  t e s t  employed. Thus, a lower es t ima te  of an 
ED/P / t  could be obtained simply by  inc reas ing  t h e  number of c o n t r o l  
sperm samples o r  by  changing from a non-parametric t o  an appro- 
p r i a t e  paramet r ic  s t a t i s t i c a l  t e s t ,  f a c t o r s  t h a t  have no bear ing  
on r a d i a t i o n  exposure. I n  o the r  words, what i s  being measured 
i s  n o t  t h e  change i n  sperm count b u t  the power of the s t a t i s t i c a l  
t e s t  t o  say t h a t  t h e r e  i s  a change i n  sperm count.  

W e  have chosen t o  use  the end-points less than  5 m i l l i o n  
sperm/cc. of e j a c u l a t e  and azoospermia. T h e  former i s  an 
expedient  and u s e f u l  d e f i n i t i o n  o f  c l i n i c a l  s t e r i l i t y  and the 
l a t t e r ,  an abso lu te  d e f i n i t i o n  of s t e r i l i t y .  These end-points 
have the advantage of being measureable w i t h  very l i t t l e  e r r o r  
and a r e  h i g h l y  u n l i k e l y  t o  be produced by any o t h e r  f a c t o r  than 
r a d i a t i o n  or some o the r  known p h y s i c a l  manipulat ion.  

3- S e l e c t i o n  of the Mathematical Model. I d e a l l y ,  a mathematical 
model should be der ived  from a cons ide ra t ion  of t h e  b i o l o g i c a l  
f a c t o r s  of the problem be ing  i n v e s t i g a t e d .  I t  should be a s  simple 
a s  p o s s i b l e  and p r e d i c t  the d a t a  obta ined  w i t h i n  t h e  l i m i t s  of the  
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s t a t i s t i c a l  v a r i a b i l i t y  a s soc ia t ed  wi th  the  process .  A t  t h e  
p r e s e n t  t i m e  t h e r e  is i n s u f f i c i e n t  information a v a i l a b l e  about 
t h e  mode of a c t i o n  of r a d i a t i o n  on human sperm product ion t o  
f a c i l i t a t e  t h e  development of a h igh ly  r e a l i s t i c  mathematical 
model. However, a model t h a t  has  been  proven t o  have cons iderable  
u t i l i t y  i n  somewhat analogous s i t u a t i o n s  could be extended and 
employed i n  our problem. 

Lea (1946) f i r s t  proposed the  one -pa r t i c l e  o r  one-hi t  dose- 
response curve i n  r e fe rence  t o  r a d i a t i o n  d a t a .  T h i s  model 
assumes t h a t  t h e  e f f e c t  of r a d i a t i o n  i s  due t o  a s i n g l e  
i o n i z a t i o n  occurr ing  i n  the  " c o n t r o l  volume" of a b i o l o g i c a l  
organism. Under t h i s  assumption it can be shown t h a t  the  
p r o b a b i l i t y  of the  e f fec t  P i  occur r ing  given a r a d i a t i o n  dose Xi 

(1) P i = l - e  

where f3 i s  an unknown parameter t o  be es t imated .  This  model can 
be extended t o  account fo r  more than one f a c t o r  i n f luenc ing  the  
p r o b a b i l i t y  of the  e f f ec t  occurr ing ,  i f  it is  v a l i d  t o  make the  
assumption t h a t  t h e  f a c t o r s  a r e  a c t i n g  independently of each o t h e r .  
I n  t h i s  case  t h e  model may be w r i t t e n  a s  

( 2 )  p i = l - e  

- @ X i  

- ( B l X l i  + B 2 ~ 2 i  + - - -  + BmXmi)  

where t h e r e  a r e  m unknown parameters and m known environmental  
f a c t o r s  o r  cons t an t s .  For example, X l i  might be a l - i f  the  i t h  
i n d i v i d u a l  had a biopsy p o s t - i r r a d i a t i o n  and a 0 i f  he d i d  no t .  
X 2 i  is t he  dose of x-rays given the  i t h  i n d i v i d u a l  and X3i i s  t h e  
dose of neutrons given t h e  i t h  i n d i v i d u a l ,  e t c .  

The parameters ,  f31, P z , . . . ,  pm, can be es t imated  by the  
method of maximum l i k e l i h o o d ,  and these  e s t i m a t e s ,  i n  t u r n ,  can 
be used t o  e s t ima te  o the r  parameters of i n t e r e s t .  For example, 
i n  t he  prev ious  given s i t u a t i o n ,  p2/p3 would be an e s t ima te  
of the  r e l a t i v e  b i o l o g i c a l  e f f e c t  of x-rays t o  neutrons and ln2/  
@ 2  would be t h e  ED/50/t of x-rays. 

4 .  Resu l t s .  The d a t a  obtained a r e  shown i n  t a b l e s  2 and 3 .  The 
numerators a r e  t h e  number of i n d i v i d u a l s ,  where t h e  e f f e c t  
occurred by time t and the  denominators a r e  the  number i r r a d i a t e d  
o r  sample s i z e .  

The change i n  sample s i z e  over t i m e  i s  due t o  e i t h e r  the  s u b j e c t  
v o l u n t a r i l y  removing himseif  from t h e  s tudy or t he  d a t a  being 
taken f o r  a n a l y s i s  before  the  ind iv idua l  had reached t h a t  par- 
t i c u l a r  p o s t - i r r a d i a t i o n  t i m e .  The  t i m e  was not  extended beyond 
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T a b l e  2. The  number with the o b s e r v e d  effect < 5 M/cc. divided by the number 
espased at different radiation doses  and times post-irradiation 

Time in Days Post-Irradiation 
X-ray Dose 

90 129 150  183 2 1 0  - A - 

400.0 3 13 3 13 3 / 3  3 / 3  3 / 3  

103.0 3 14 3 14 414 4 / 4  414 

Table 3 .  The number with the observed effect azoospermia divided by the 
number exposed at different radiation doses and times post- 
irradiation. 

X-ray Dose Times in Days Post-Irradiation 
(r ) 90 120 150 180 2 10 -_-- 

403.0 113 3 / 3  3 13 3 13 3 13 



- 1 2  - 

2 1 0  days s i n c e  no new e f f e c t s  w e r e  observed beyond t h a t  po in t .  

T h e  f i r s t  model used i s  def ined  by equat ion (1) where Xi i s  x-ray 
dose i n  r ads .  I t  has  been shown t h a t  much g r e a t e r  p r e c i s i o n  i s  
obtained by e s t ima t ing  ED/5O/t  r a t h e r  than some o the r  p e r c e n t i l e  
p o i n t .  
ln2/@ which h a s  an approximate var iance  V ( 2 )  I n  2/@$ where V ( e )  
ob ta ined  from t h e  inve r se  of t h e  information mat r ix  of t h e  maximum 

. l i k e l i h o o d  s o l u t i o n .  Using t h i s  r e l a t i o n s h i p  an approximate 
(1-a) percen t  confidence i n t e r v a l  f o r  ED/50/t of t h e  form 

Under t h e  p r e s e n t  model t h e  es t imator  $or ED/50/t i s  
is  

(3) 

may be ob ta ined ,  where Z, i s  t h e  a p e r c e n t i l e  p o i n t  on t h e  s tandard  
normal curve.  This i s  only an approximate r e s u l t ,  t h e  v a l i d i t y  of 
which is  being i n v e s t i g a t e d  by a s imula t ion  experiment. 

The  es t imates  of ED/50/t and t h e i r  confidence i n t e r v a l s  a r e  
given f o r  the  end-points less than 5 mi l l ion /c .c .  and azoospermia 
i n  Tables '4  and 5 r e s p e c t i v e l y .  The v a l i d i t y  of t h e s e  estimates 
are dependent upon t h e  a b i l i t y  of the mathematical model t o  
p r e d i c t  a c c u r a t e l y  t h e  observed d a t a .  

The model does appear t o  g ive  adequate p r e d i c t i o n s  f o r  a l l  cases .  
However, s i n c e  t h e  da ta  between t i m e s  and end-points a r e  h igh ly  
c o r r e l a t e d  w e  w i l l  only t e s t  t h e  l i m i t i n g  case of azoospermia 
a t  210 days p o s t - i r r a d i a t i o n .  Fig.  2 shows the comparison 
between t h e  observed d a t a  and the  t h e o r e t i c a l  dose-response 
curve for t h i s  l i m i t i n g  case .  These d a t a  can a l s o  be represented  
i n  the form of a t a b l e  which compares t h e  "observed a f f ec t ed"  
w i t h  t h e  "expected a f f ec t ed ' '  which are computed based upon t h e  
assumption t h a t  t he  mathematical model holds. 
is  shown i n  Table 6. AX2 goodness of fit  tes t  y i e l d s  a value 
x2 = 2.34 wi th  5 d . f .  which has  a p va lue  of .8 assoc ia t ed  wi th  
it. This does n o t  imply t h a t  a one-hi t  type mechanics s i t u a t i o n  
is  an accu ra t e  d e s c r i p t i o n  of t h e  radiation-human-sperm-production 
i n t e r a c t i o n .  I t  only i n d i c a t e s  t h a t  a t  our p r e s e n t  s t a t e  of 
knowledge, w e  do n o t  have enough information t o  say  it i s  no t  so. 
Thus, t h e  use o f  any more complicated model would be of l i m i t e d  
u t i l i t y .  

Such a comparison 

I t  should be poin ted  ou t  t h a t  a l l  of t h e  ED/50/t e s t i m a t e s  a r e  
h i g h l y  c o r r e l a t e d  s i n c e  they a r e  obtained from var ious  subse ts  
of t h e  s a m e  sample of i nd iv idua l s .  Thus, any d e s c r i p t i o n  of t h e  
time-course of ED/50 i s  h igh ly  tenuous. However, each e s t ima te  
i S  s t i l l  t h e  best  one a v a i l a b l e  from the l i m i t e d  d a t a .  

F i n a l l y  w e  a r e  aware of t h e  f a c t  t h a t  f o r  our r e s u l t s  t o  be 
app l i cab le  t o  man i n  gene ra l  t he  assumption must ho ld  t h a t  our 
P r i son  vo lun tee r s  are  a r e p r e s e n t a t i v e  sample of man wi th  r e spec t  
t o  sperm product ion.  
assumption i f  f a l s e .  

I 0 0  1 q I Q There a r e  no d a t a  t o  suggest  t h a t  t h i s  
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T a b l e  4. ED/50 e s t i m a t e s  and .95 conf idence  i n t e r v a l  f o r  the end-poin t  
< 5Ei/cc. a t  v a r i o u s  t i m c s  p o s t - i r r a d i a t i o n .  

Time i n  Days P o s t - I r r a d i a t i o n  

210 ~ - - -  120 153 183 - 90 

Uppsr L i m i t  101.4 64.4 55.3 44.6 21.5 

ED/50 61.1 40.1 34.5 28.0 1 2 . 7  

Lover L i m i t  20.8 15 .8  13.7 11.4 3 . 9  

B -01135 ,01729 .02007 .02472 .05457 

Tab le  5 .  ED/50 estimates and .95 conf idence  i n t e r v a l  f o r  t h e  end-poin t  
azoospermia a t  v a r i o u s  t i m e s  p o s t -  i r r a d i a t i o n .  

Time i n  Days P o s t - I r r a d i a t i o n  

120 150 180 210 - 93 

Upper Limi t  1,626.4 276.4 269.7 137.7 55.5 

ED/50 682.1 153.3 149.4 80.4 33.0 

Lo;Jer L i m i t  0.0 30.3 29.1 23.2 10.4 

B .00102 .00452 .00464 . 00 86 2 .02 103 
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Table 6. Observed and expected number of affected assuming the model 

p = l - . e  -.02'' 

end-point azoospermia 

for post-irradiation time 210 days with the 

X-ray Dose Observed Expected Numb e r 
A€ f ected Affected Exposed (r) 

400.0 3 2 . 9 9 9  3 

100.0 4 3.511 4 

53.0 4 3.903 6 

30.0 1 0.936 2 

15.0 

7.5 

0 

0 

0.811 

0.438 

3 

3 

X:"' = 2.34 

p = .8 

9; The chi-square value was computed on the basis of both affected and 
non-affected individuals. 

1 0 0 1 9 2 2  
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U i l t i l  we can c r e a t e  a more appropr i a t e  technique for  
s t a t i s t i c a l  a n a l y s i s  or’ t he  germinal ep i the l ium,  we a re  
us ing  a method t h a t  permi ts  judgement a s  t o  major a l t e r a t i o n s  
i n  spermatogenesis.  E r i e f l y  we count t he  germinal c e l l s  
w i t h i n  t e n  (10) seminiferous tubu le s  c u t  i n  c ros s - sec t ion .  
The tubu le s  s e l e c t e d  f o r  q u a n t i t a t i o n  must be circci lar  so 
t h a t  our sampling w i l l  n o t  t r a v e r s e  i n  a t a n g e n t i a l  fash ion  
through d i f f e r e n t  s t a g e s  of spermatogenesis.  A l l  r e su l t s  
a r e  then expressed a s  t h e  mean s p e c i f i c  c e l l  type per tubule .  

Due t o  the  d i f f e r e n c e s  i n  l i f e  span,  a s  e s t a b l i s h e d  by 
Hel ie r  and Clermont, some c e l l  types  a r e  q u i t e  v a r i a b l e  i n  
t h e i r  d i s t r i b u t i o n  ( e  .g .  Leptotene spermatocyte) while  those  
wi th  a longer  l i f e  span a r e  more uniformly d i s t r i b u t e d  
throughout t h e  tubu le s .  I n  the in s t ance  of Lept0ter.e 
spermatocyte,  w e  combined t h e  q u a n t i t a t i o n  of t hese  c e l l s  
w i th  t h e  Zygotene spermatocytes f o r  better a n a l y s i s  (LZ)  . 
O t h e r  c e l l s  s e l e c t e d  f o r  q u a n t i t a t i o n  inc lude  the  S e r t o l i  
c e l l  (S)  , Adark ( A d )  and A p a l e  (Ap) spermatogonia and 
Pachytene (P)  primary spermatocytes .  

B. Ma te r i a l  and Methods. T e s t i c u l a r  biopsy specimens were 
obta ined  before  and a f t e r  i r r a d i a t i o n  i n  many b u t  not  a l l  of 
t he  r e sea rch  s u b j e c t s .  O r i g i n a l l y  w e  i n t e n d e d  to o b t a i n  
biopsy specimens on all men p r i o r  t o  i r r a d i a t i o n  and then a t  
d i f f e r e n t  i n t e r v a l s  p o s t - i r r a d i a t i o n  i n  order  t o  examine the  
e n t i r e  spectrum of damage 2nd renewal. Since we fourd t h a t  t h e  
procedure of t e s t i c u l a r  biopsy caused a reduct ion  i n  spermato- 
genes i s  i n  some men and t h a t  biopsy p lus  i r r a d i a t i o n  augmented 
each o t h e r ,  we changed our procedure t o  sample men when they 
had their vasectomy and w e r e  l eav ing  the  program. 

The biopsy specimens w e r e  immediately f ixed  i n  f r e s h l y  
prepared C le l and’ s  f l u i d ,  embedded i n  p a r a f f i n ,  s ec t ioned  
s e r i a l l y  a t  5 micra ,  and s t a i n e d  wi th  iron-alum hematoxylin 
and eos in .  A low-power photomicrograph (Fig.  3 )  was made 
of t h e  e n t i r e  s e c t i o n .  From t h i s  photograph a l l  c i r c u l a r  
t ubu le s  were l o c a t e d  and numbered. These w e r e  then r e l o c a t e d  
under t h e  microscope and t h e  c e l l  populat ion was counted (F ig .  4)  
us ing  magni f ica t ions  of 500 and 1250 X. A t  l e a s t  t e n  such 
tubu le s  were counted f o r  each biopsy specimen. 

For the  r a d i a t i o n  exposures a 250 KV G . E .  Maximar Machine 
was used t o  d e l i v e r  a mid-organ dose of from 7 . 5  t o  400 r 
( f  f a c t o r  equa l s  0.95) t o  both t e s t e s .  The s u b j e c t  was 

1 0 0 1 9 2 3  
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pos i t i oncd  i n  thc su~inc p o s i t i o n  wi th  thc pcnis  tapcu 
upward t o  t h e  lowcr abdominal wa l l .  The lcys wcrc s l i g h t l y  
spread and a p l a s t i c - con ta ined  bolus  of sugar supported 
t h e  tes tes .  A 1 0  x 10  cm. cone was used and the FSD was 
7 5  cm. Ind iv idua l  doses  included 7 . 5 ,  1 5 ,  30, 50 ,  100 
and 400 r .  

C. Resul t s .  The mean c e l l  count per  tubule  wi th  the  
corresponding sperm counts  f o r  each of t h e  e igh teen  normal 
inmate vo lun tee r s  obtained from t h e  p r e - i r r a d i a t i o n  per iod  
are  l i s t e d  i n  Table 7 .  I n  add i t ion  the approximate l i f e  
span as es t imated  by Clermont f o r  each c e l l  type a r e  depic ted .  

Since our a i m  was t o  d e f i n e  t e s t i c u l a r  changes following an 
acu te  exposure t o  i r r a d i a t i o n  i n  t e r m s  of t h e  gene ra l  
popula t ion ,  t he  mean counts  f o r  t h e  e ighteen  men served as 
our frame of  r e fe rence .  I n  add i t ion ,  comparisons w e r e  made 
w i t h i n  t h e  same subjec t  when p o s t - i r r a d i a t i o n  observa t ions  
w e r e  a v a i l a b l e  (Table 8 ) .  

Table 9 l i s t s  i n  chronologic  order  t h e  c e l l  count in- 
formation fol lowing var ious  dose l e v e l s  of  r a d i a t i o n .  I t  
can be seen t h a t  d i f f e r e n t  doses produced d i f f e r e n t  responses.  
For example, t h e r e  w a s  l i t t l e  evidence of damage a t  2 0 1  t o  
306 days fol lowing 1 5  r .  O n  t he  o the r  hand observa t ions  from 
2 2 2  through 264 days p o s t - i r r a d i a t i o n  demonstrated t h a t  30 r 
induced a prolonged reduct ion  i n  the c e l l u l a r  elements of 
t h e  germinal ep i the l ium.  Therefore ,  t h e  minimal e f f e c t i v e  
dose f o r  producing prolonged damage t o  spermatogenesis l i e s  
somewhere between 15  and 30 r .  W i t h  r e s p e c t  t o  recovery,  
our observa t ions  a t  887  days following 30 r i n d i c a t e  t h a t  
t e s t i c u l a r  h i s t o l o g y  had re turned  t o  normal. The same was 
t r u e  f o r  50 r a t  609 and 9 7 3  days p o s t - i r r a d i a t i o n .  

A t  50 r c o n s i s t e n t  azoospermia d i d  n o t  occur.  How- 
e v e r ,  w i th  100 r ,  uniform changes i n  t e s t i c u l a r  h i s t o l o g y ,  
sperm counts  and u r i n a r y  gonadotrophin e x c r e t i o n  l e v e l s  w e r e  
noted.  Therefore ,  t h i s  dose was s e l e c t e d  t o  make a more 
d e t a i l e d  examination of changes i n  t e s t i c u l a r  h i s to logy  and 
physiology fol lowing x-ray i r r a d i a t i o n .  

A f t e r  exposure t o  100 r s e r i a l  observa t ions  w e r e  obtained i n  
a group of vo lun tee r s  a t  varying t i m e  i n t e r v a l s  up t o  1 2 1 9  
days.  These t i m e  i n t e r v a l s  w e r e .  grouped f o r  a n a l y s i s  i n t o  
pe r iods  which revea led  a s i m i l a r  p a t t e r n  of h i s t o l o g i c  
damage and recovery.  The r e s u l t s  a r e  a s  fo l lows : .  

1 0 0 1 9 2 5  ' I  



- 23 - 

RV 
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2 

7 

16 

17 

18 

31 

32 

38 

39 

41 

42 

43 

47 

48 

53 

63 

68 

72 

Mean 

S.D. 

cv 

e r n  C o x n t  X i l l i o n / c c  L- --- _-_- _I -- LeTtotcnc- 
S e r t o l i  A dark  A p a l e  Zygotcne Pachytene Mean Ranke 

(16 ) *:: --- ( 1 G ) 7 ‘ ~  (7) +: _______- ______ ----_ --- 

10.2 13.2 4.5 9.2 21.2 74 18-147 

10.6 13.2 3.7 11.2 27.9 133 55-198 

9.1 16.0 4.8 9.1 35.5 56 3 2- 84 

15.0 24.8 14.1 10.5 35.0 60 12-186 

82-285 20.4 16.8 7.2 8.5 28.1 16 3 

12.0 14.2 6.5 12.4 28.5 2 20 89-41 b 

13 .O 7.8 17.7 14.0 37.0 75 39-128 

18.1 18.2 6.2 19.0 37.3 122 22-210 

17.4 9.8 9.3 7.2 40.4 23 9 136-427 

23.3 18.2 9.5 16.3 42.1 324 199-652 

15.4 12.7 5.8 13.8 32.7 80 24-194 

17.2 19. ?_ 5.7 13.8 32.1 97 44-157 

16.2 20.3 4.6 11.9 41.2 198 86-369 

12.5 15.2 5.5 12.5 19.6 70 32-132 

13.9 11.8 5.9 10.3 37.7 147 82-206 

14.9 11.2 3.0 10.5 26.1 120 45-239 

17.2 15.7 6.8 11.7 41.9 194 37-324 

7 8- 274 - 11.7 13.4 3.3 17.6 29.2 169 

14.9 15.1 6 . 9  12.1 33.0 

3.7 4.1 3.8 3.1 6.9 

24.8 27.2 55.1 25.6 20.9 

----_-- -------- 

D i g i t s  x i t h i n  t h e  p s r e n t h e s i s  refer t o  l i f e  span i n  clays. 



39 C o n t r o l  17.4 3.8 9.3 7.2 40.4 
201 days 16.3 10.3 1.3 4.5 21.0 

41 Contro l  23.3 19.2 9.5 16.3 42.1 
335 days 25.6 11.9 5.3 8.1 16.9 

1s Cont ro l  20.4 16.8 7 . 2  3 . 5  2 8 . 1  
18.9 15.5 5.8 9.3 18.0 ------ 305 days ------____ 

17 Cont ro l  15.0 24.8 14.1 10.5 35.0 
609 days 19.6 17.8 14,8 13.2 26.4 

16.4 26.2 17.0 33.3 9.5 -~ -- 973 ' I  - 

38 Cont ro l  18.1 18.2 6.2 19.0 37.3 
9 days 16.2 11.3 3.3 9.5 18.6 

48 Cont ro l  12.5 15.2 5.5 12.6 19.6 
15 days 17.3 8.2 3.5 1.1 16.9 

42 Cont ro l  15.4 12.7 5.8 13.8 32.7 
15 days 16.0 8.6 4.0 3.3 9.1 

16 Cont ro l  9 . 1  16.0 4.8 9.1 . 35.5 
1 5  days 14.1 14.2 4.5 5.3 22.5 

32 Contro l  13 .O 7.8 17.7 14.0 37.0 
33 days 19.2 9.2 4.8 5.1 10.1 

43 Cont ro l  17.2 14.2 5.7 12.8 32.1 
33 days  21.8 12.5 6.5 1.9 8.9 

47 Cont ro l  16.2 20.3 4.6 11.9 41.2 
33 days 22.2 10.2 3.5 0.2 3.9 

53 Cont ro l  13.9 11.8 5.9 10.3 37.7 
49 days 18.2 5.s 3.2 2.2 6.2 

7 Cont ro l  10.6 13.2 3.7 11.2 27.9 
49 days 23.6 7.5 3.2 0.5 2.9 

2 Con t ro l  10.2 13.2 4.9 9.2 21.2 
2.5 0.7 1.3 4.0 ---- 21.7 -_--___- 49 days -___ 

I_ - - --___----- 
14 C o r . t r o l  I > - L  - 1  L ,  . 0 < )  3.5 9. 47.2 

41 days 2:. 9 0.3 0 0 0 
1540 ' I  17.8 15.4 2.5 13.5 33.3 

63 C o n t r o l  14.9 11.2 3.0 10.5 26.1 1 0 0 1 9 2 1  Imned i a t e 1 y 15.7 1 0 . 9  3.8 6.8 12.6 

7 '  
- 4-00 r 



- - _ _ _ _ ~  I__I__ -_-------- 1 5  r 

154 175 days 15.6 7 . 8  0 . 2  1 . 2  5 . 0  

41 305 I' 25.6 1 1 . 3  5 .3  8 . 1  1 6 . 9  
39 201 II 16.3 113.3 l.s 4 . 5  21.9 

1s 306 I' 18 .9  15 .5  5 . 8  (1.3 18.0 -__--- - so r 

2 1  159 " 25.3 2.6 2.0 2 .4  1 . 3  
30 222  I1 1 7 . 9  3 . 5  1 . 5  2 . 7  L . 6  
34 264 I' 19.0 6.7 2 . 9  3 . 1  7 . 2  

24.0 2 9  887 " 14.9 1 2 . 8  2 . 8  1 1 . 5  ---- ______ __ ------ ___- 
- - ________--_-_I_-- --- 53 r - 

17 605 " 19.6  17.8 1 4 . 8  13.  2 25.4 
973 'I 1 6 . 4  26 .2  9 . 5  1 7 . 0  33.3 1 7  

79 Imned ia t e 1 y 17.0 11 .8  2 . 9  14 .8  3 5 . 1  
38 9 days 1 6 . 2  11.3 3.3 9 . 5  18.6 
54 14 " 23.1 13.3 5 . 2  5 . 8  23.5 
48 15 'I 17.3  8 . 2  3 .5  1.1 16 .3  
42 15 I' 16 .O 8.6 4 .0  3 . 3  4 . 1  
16 15 I' 14.1  14.2 4.5 5 . 3  22.5 
2 8  24 'I 18.0 a .  7 5 . 1  4 . 5  1 1 . 9  
27 2 7  'I 13.7 7 . 7  5 .3  1 . 0  5 .2  
32 33 'I 1 9 . 2  9 . 2  4 . 8  5.1- 1 0 . 1  
43 33 I' 21.8 1 2 . 5  6.5 1 . 9  8 .9  
47 33 2 2 . 2  10.2 3.5  0 . 2  3 . 9  
53 49 I '  18. 2 5 . 8  3 . 2  2.2 6 . 2  

7 49 ' I  23.6 7.5 3.2 0 . 5  2 . 9  
2 49 21.7 4 . 0  2.5 0 .7  1 . 3  
2 153 ' I  18 .4  1 .0  0 .4  0 0 
4 7 228 ' I  1s. 9 1 . 5  0 . 8  0 3 
42 280 'I 1 6 . 9  5 . 5  1 . 9  0 . 4  3 . 0  
74 311 ' I  1 5 . 3  4 . 3  1.3 3.3  4.7 
4 3 466 14.0 14 .3  3.2 9 .0  1 5 . 1  
2 8  737 'I 12.4 4.5 5 . 8  1 6 . 9  40.0 
3 973 If  11.3 14.9 4 . 8  16 .  I) 32.6 

38 1017 " 1 6 . 7  1 6 . 7  1 . 8  1 1 . 7  41.9 

27 1050 I '  8 . 8  12.5 3.8 10.0 16.3 
31.6 7 . 5  16 1219 ' I  14 .3  22.3 3'. 2 

27.9 23 Imned i a  t e l y  1 1 . 9  13 .0  6 . 1  12.3 
63 15.7 

-LII--__l_--__l 

l_l ____-- 103 r 

6 1022 I' 1 3 . 2  1 6 . 4  5.6 15 .7  2 9 . 6  

__-- -- -- 
__-I-- I 

400 r 
-_I_---- 

I 1  1 0 . 9  3 . 8  5 . 8  1 2 . 6  
63 63 days 1 5 . 4  4 .2  0.6 0 3 
14 9 1  I 1  1 5 . 9  0 . 3  0 0 0 

2 2  355 I1  20.2 L . 6  2 . 1  3 . 4  7 .3  
5 Lt50 I 1  1 5 . 0  2 . 7  1 . 2  2 .4  7 . 9  

1 7 . 8  15 .9  2 . 5  13.5 33.3 

22 188 'I 23.3 1.1 1.1 0 .6  0 . 8  

1 6 . 1  3 . 3  1 . 5  5 .5  6 .4 26 503 I '  

23 567 22.4 0 . 5  0 . 2  0 . 2  1 . 3  
14  1540 I '  

1 0 0 1 9 2 8  



i) A t  14-15 days t h e r e  w a s  a c l e a r  c u t  reduct ion  i n  
, the Leptotene - Zygotene primary Spermatocytes. 

Ex i s t ing  information sugges ts  t h a t  t he  3 spermato- 
gonia  i s  t h e  most s e n s i t i v e  c e l l  t o  r a d i a t i o n  
e f f e c t s .  S i n c e  t h e  type B spermatogonium i s  t h e  
immediate precursor  t o  the  L-Z c e l l s  , t h e  reduct ion  
i n  L-Z spermatocytes observed a t  t h i s  t i m e  i n t e r v a l  
i n d i c a t e s  that the t y p e  i3 spermatogonia were directly 
damaged by exposure t o  100 r .  

3 )  

A t  33 days (F ig .  5) t h e  prev ious ly  noted reduct ion  
i n  t h e  L-z spermatocytes i s  now r e f l e c t e d  5y a 
s i g n i f i c a n t  reduct ion  i n  t h e  numbers of Pachytene 
primary spermatocytes.  In s t ead  of i n d i c a t i n g  
d i r e c t  r a d i a t i o n  damage t o  the primary spermatocytes 
t h e s e  d a t a  demonstrate t h e  damage occurred t o  a c e l l  
popula t ion  which was "33 days younger". A t  t h i s  
t i m e  i n t e r v a l  i t  would be t h e  type B spermatogonia 
and p o s s i b l y  t h e  A p a l e  spermatogonia. 

A t  4.9 days (Fig.  6) t h e  progress ive  dep le t ion  O f  

t h e  L-Z and P Primary spermatocytes r e f l e c t s  two 
phenomena: (a) t h e  i n i t i a l  damage t o  B spermato- 
gonia  and (b) t h e  i n a b i l i t y  of t h e  A p a l e  spermato- 
gon ia  t o  r e p l e n i s h  t h e  "3" c e l l  populat ion.  I f  only 
the  5 spermatogonia w e r e  i n i t i a l l y  damaged by 
i r r a d i a t i o n  one would expect  t he  3 spermatogonia 
t o  be rep len ished  by a new genera t ion  of Ap c e l l s .  
Along t h i s  s a m e  theme, t h e  L-Z c e l l  popula t ion  
should be recovering by now i f  t h e  Ap c e l l s  had 
n o t  been damaged along w i t h  t h e  type B spermatogonia 

4)  Observations made a t  153 and 2 2 8  days (Fig.  7 ,  153 
days) demonstrate t h e  almost complete absence of 
germinal c e l l s ,  w i th  only S e r t o l i  c e l l s  remaining. 
N o  primary spermatocytes could be de tec t ed  and only 
an occas iona l  spermatogomium could be i d e n t i f i e d .  
This marked reduct ion  i n  numbers of both A p  and Ad 
spermatogonia c l e a r l y  i n d i c a t e s  t h a t  t h e  A dark 
spermatogonia w e r e  a l s o  d i r e c t l y  damaged a t  t he  
t i m e  o f  i r r a d i a t i o n .  I t  may be t h a t  a t  t h i s  t i m e  
i n t e r v a l  those  c e l l s  being "scored" a s  Ad a r e ,  i n  
f a c t ,  t h e  so-ca l led  r a d i o - r e s i s t a n t  "stern-cells" 
o r  A o  which have been considered t o  be p resen t  i n  
r a t s ,  b u t  so f a r  n o t  s p e c i f i c a l l y  i d e n t i f i e d  i n  t h e  
human. 



.g. 4.  xt>r.!!.:l Coiitrol  S i o p  _--__-_ -- 
= S e r t o l i  cell 

i = .l dar!c spermatogonium 
3 = .A p z l e  spen la togon iun  
Z = Lcptotcne-Zygotene 

p r imar y s p c r n n  t o cy t e 

s p c L m a  t o  cy t e 
c = Leyclig c e l l  

= l j lood v e s s e l  
ab1 = E a r l y  spe rma t ids  
cd = Maturing spe rma t ids  

= Pctcliyteile pr imary 

F i g .  5. 33 days a f t e r  100 
X-ray t o  t h e  t e s t i  

Yo s i g n i f i c a n t  change i n  
i e r t o l i  c e l l  popu la t ion .  
)?crease i n  Leptotene-Zygote 
ind Pachytene  pr imary 
jp ermatocy tes 

Fig.  6 .  - 49 days a f t e r  - 100 r 
X - r a y 0  t h e  t e s t i s  -- 

Marked d e c r e a s e  i n  LZ and P 
pr imary spermatocytes .  
E a r l y  d e c r e a s e  i n  Ad 
spermatogonia  





The i n t e r v a l s  of 280 and 311 days p o s t - i r r a d i a t i o n  
r e v e a l  evidence of germinal e p i t h e l i a l  repopula t ion .  
I n  p a r t i c u l a r  it i s  i n t e r e s t i n g  t o  note  t h a t  there 
i s  a four-fold i n c r e a s e  i n  numbers of Ad spermato- 
gonia  (F ig .  8) maturat ion has  not  y e t  proceeded 
beyond t h i s  p o i n t  t o  any s i g n i f i c a n t  e x t e n t .  This  
would i n d i c a t e  t h a t  t h e  s tem-cel l  l i n e  has  resumed 
m i t o t i c  a c t i v i t y .  Furthermore, the  d a t a  r e s u l t s  
i n d i c a t e  t h a t  a minimum of two success ive  d i v i s i o n s  
have occurred w i t h i n  a 52 t o  83 day per iod .  This 
sugges ts  that: the l i f e  span for the Ad or stern- 
c e l l  spermatogonia does not  exceed 26 days.  

F i n a l l y ,  t he  loga r i thmic  growth f o r  t h e  Ad spermato- 
gonia  cont inues  through t h e  466th p o s t - i r r a d i a t i o n  
day (F ig .  9 ) .  A t  t h i s  t i m e ,  c o n t r o l  l e v e l s  of Ad 
spermatogonia a r e  reached and then t h e  more mature 
ce l l s  r a p i d l y  i n c r e a s e  i n  numbers. 

6) Between 737 and 1219 days t h e r e  w e r e  m u l t i p l e  ob- 
s e r v a t i o n s  made. Q u a n t i t a t i v e  r e s u l t s  i n d i c a t e  
t h a t  complete recovery of t h e  germinal ep i the l ium 
had occurred and t h i s  was maintained (Fig.  10). 

Two biopsy specimens w e r e  obtained immediately a f t e r  400 r .  
These specimens d i d  not  show any a l t e r a t i o n  i n  c e l l  counts .  
Therefore ,  i f  immediate c e l l  k i l l i n g  occurred a s  a con- 
sequence of 400 4: it  was no t  c l e a r l y  ev ident .  B y  63 and 
91 days f a i r l y  complete denudation of the  germinal elements 
w e r e  obsesrved (F igs  11-16) . Mult ip le  observa t ions  w e r e  
made between 188 and 967 days which showed t h a t  t h e  
damage was sus t a ined  (Table 9 ) .  However, by 1540 days 
complete h i s t o l o g i c  recovery was documented (Fig.  16)  . 
The obse rva t ions  wi th  r e s p e c t  t o  the Ad spermatogonia a t  
t h e  100 r dose PeveP w e r e  s i m i l a r  when w e  examined t h e  
400 r d a t a .  This  emphasizes the  suggest ion t h a t  the  Ad 
spermatogonia p r e f e r e n t i a l l y  r e s t o r e s  i t s  own popula t ion  
be fo re  f u r t h e r  c e l l u l a r  matura t ion  can be observed ( i . 2 -  

an s i g n i f i c a n t  i nc rease  i n  ~p spermatogonia).  These d a t a  . 
a l s o  permit  us t o  e s t ima te  t h a t  t h e  l i f e  span of  t he  Ad 
spermatogonium is  n o t  m o r e  than 2 6  days. I n  view of 
Clermont 's  work on t h e  k i n e t i c s  of spermatogonesis it is 
l i k e l y  t h a t  t h e  Ad ce l l  adheres  c l o s e l y  t o  t h e  16-day 
c y c l e  proposed for t h e  germinal epi thel ium. 

, 
k 
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Fig .  1 2  

RV-23 9 1  days a f t e r  400 r 

V i r t u a l  absence of g e m i n a l  
e p i t h e l i u m .  Only o c c a s i o n a l  
spermatogonia seen.  S e r t o l i  
cells, prominent.  Absence 
of primary spermatocytes .  
Compare w i t h  f i g .  7 ,  a t  
153 days folloclling 100 r. 

-- 

Fig .  .13 

RV-23 967 days a f t e r  
400 r 

Beginning recovery o f  g e m i n a l  
e p i t h e l i u m  i n  sorne t u b u l e s ,  
b u t  n o t  i n  o t h e r s .  
r ecove ry  a t  t h i s  i n t e r v a l  i s  
comparable t o  t h a t  s e e n  466 
days a f t e r  100 r ( f i g .  9 ) .  

- 
-- 

Exten t  of  



-s. 14 

1-14 C o i i t r o l  b iopsy 

n p s r e  ;Jith f igdres 

29 

4 and 11 

:oxpare w i t h  f i g .  1 2  a t  same 
Lose and t i m e  i n t e rva l ,  and 
rith f i g .  7 ,  153 days a f t e r  
.oo 4 .  

Fig.  16. 

RV-14 1540 days a f t e r  400 r -__-__ 
F u l l  recovery  of  spcrmato- 
g e n e s i s  i n  most t u b u l e s .  
Comparable t o  recovery  from 
100 r a t  1022 days (Fig.  10). 

. .  
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T o  suimarizc our observa t ions  t h e  d a t a  a r c  plot-ced cjraphi- 
c a l l y  for  all c e l l  types  (Fig.  17). The changes in S c r k o l i  
c e l l  counts  probably re f lec t  chanyss i n  tubu la r  w a l l  l e n g t h  
and diameter following i r r a d i a t i o n .  

F i n a l l y ,  m i n i m a l  vascular  changes w e r e  noted 9 1  days a f t e r  
4.00 r (Fig.  1€,19). We have no t  completed our eva lua t ion  
of  the  vascular  system b u t  it appears t h a t  doses of 100 r 
or less do n o t  produce s i g n i f i c a n t  f i b r i n o i d  changes. 



I, 
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'1 I V .  Chromosomal S tud ie s  

A.  N i t o t i c  Chromosomes 

1. Mate r i a l  and Methods 

Numerous r e p o r t s  have documented the  f a c t  t h a t  chromosomal 
damage occurs  following i n  v i t r o  i r r a d i a t i o n .  Similar  
changes have been noted following i n  v ivo  i r r a d i a t i o n .  
The purpose of our s tudy was t o  explore  t h e  dose-response 
r e l a t i o n s h i p  of such damage following x-ray i r r a d i a t i o n  
t o  t h e  tes tes  i n  vivo.  T e s t i c u l a r  t i s s u e  obtained by 
biopsy and grown i n  short- term monolayer c u l t u r e  was 
analyzed f o r  chromosomal changes. Specimens w e r e  obtained 
p r i o r  t o  and a t  varying i n t e r v a l s  following i r r a d i a t i o n .  
These p o s t - i r r a d i a t i o n  t i m e  i n t e r v a l s  included four hour s ,  
f i f t e e n  days and two and three-quarter  yea r s .  S i n c e  
i t  was n o t  poss ib l e  t o  ob ta in  p r e - i r r a d i a t e d  t e s t i c u l a r  
biopsy specimens i n  each s u b j e c t ,  our c o n t r o l  d a t a  w e r e  
pooled. Except f o r  two ins t ances ,  100 r was t h e  dose 
of x-ray u t i l i z e d .  The except ions included one s u b j e c t  
exposed t o  30 r and one exposed t o  400 r .  I n  add i t ion ,  
chromosomal analyses  w e r e  performed on pe r iphe ra l  blood 
lymphocytes obtained from specimens c o l l e c t e d  p r i o r  t o  
i r r a d i a t i o n  and a t  30 minutes,  4 hours and 1 5  days 
fol lowing x-ray i r r a d i a t i o n .  

The blood w a s  c u l t u r e d  by a modi f ica t ion  of t h e  method 
of Moorehead. Phytohemagglutinin-P was added t o  the  
hepar in ized  blood. This mixture was allowed t o  s tand  
i n  an i c e  ba th  fo r  twenty-five minutes a f t e r  which it 
was cen t r i fuged  a t  2 5  g ' s .  fo r  f i v e  minutes. Two t o  
t h r e e  m l  of t h e  c e l l - r i c h  plasma w e r e  added t o  a two 
ounce medicine b o t t l e  conta in ing  TC199, p e n i c i l l i n  
(100 units/mi) , st reptomycin (100 pg/ml) and mycostatin 
(10 units/ml) ; then t h e  m a t e r i a l  was incubated a t  37 
degrees  under 5% C 0 2  t ens ion  f o r  7 2  hours .  A t  t h e  t i m e  
t h e  c e l l s  w e r e  ' 'harvested" colcemid (0.2 pg/ml) was 
added t o  t h e  c u l t u r e  f o r  four hours .  Following t h i s  
procedure t h e  c e l l s  w e r e  p laced i n t o  a hypotonic s o l u t i o n  
f o r  1 5  minutes and then " f ixed"  i n  a c e t i c  ac id  - methanol 
(1:3) f o r  t h i r t y  minutes.  Af te r  f i x a t i o n  t h e  c e l l s  w e r e  
suspended i n t o  t h e  f i x a t i v e  s o l u t i o n  and dr ipped onto  
co ld  w e t  s l i d e s ,  allowed t o  a i r  d ry  and then s t a i n e d  wi th  
tetrachrome. 

1 0 0 1 9 3 9  
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T e s t i c u l a r  t i s s u e  was c u l t u r e d  by a modi f ica t ion  of the  
method of S te inberger  and S te inbe rge r .  The t e s t i c u l a r  
ce l l s  which a r e  analyzed by t h i s  technique a r e  thought 
t o  be i n t e r s t i t i a l  r a t h e r  than germinal i n  na tu re .  This  
cons ide ra t ion  is  based on t h e  s t u d i e s  of t h e  S t e i n b e r g e r s  
which demonstrated the  presence of 3-B-al dehydrogenase 
i n  t e s t i c u l a r  ce l l s  grown i n  monolayer c u l t u r e s .  I n  
p r e p a r a t i o n  f o r  c u l t u r e ,  t he  t e s t i c u l a r  t i s s u e  was 
minced i n  0.25% t r y p s i n  and then  placed i n t o  a 37 degree 
incubator for 15 minutes.  The trypsinized t i n s u e  
was then  placed i n t o  the  n u t r i e n t  media a t  a c e l l u l a r  
suspension concen t r a t ion  of one m i l l i o n  c e l l s  per m l .  
The n u t r i e n t  media contained TC 1 9 9 ,  20% f e t a l  c a l f  
serum and a n t i b i o t i c s ( p e n i c i l l i n ,  100 units/ml and 
s t rep tomycin ,  100 pg/ml). The c e l l u l a r  suspension was 
p l a t e d  onto  cover s l i p s  w i t h i n  Leighton tubes  and in- 
cubated a t  37 degrees  under a 5% C02 t ens ion  f o r  a 
pe r iod  of 7-10 days,  The c u l t u r e s  w e r e  then harves ted  
i n  a s i m i l a r  fash ion  t o  t h e  p e r i p h e r a l  blood c u l t u r e s .  

Each s l i d e  was scanned f o r  t he  purpose of l o c a t i n g  50 
s u i t a b l e  metaphase p l a t e s .  These ce l l s  w e r e  then 
photographed, karyotyped and analyzed. Such p r e p a r a t i o n s  
w e r e  scored  s e p a r a t e l y  by t h r e e  i n v e s t i g a t o r s  for 
abnorma l i t i e s  which included b reaks ,  acentric fragments,  
d i c e n t r i c s ,  r i n g s ,  t r a n s l o c a t i o n s ,  d e l e t i o n s  and in-  
v e r s i o n s  - 

2, R e s u l t s  

a) In t roduc t ion .  From our two c o n t r o l  blood specimens 
44 metaphase p l a t e s  w e r e  karyotyped,. From our s i x  post-  
i r r a d i a t e d  specimens 8 2  metaphase p l a t e s  w e r e  karyo- 
typed,  The d a t a  der ived  from t h e s e  p repa ra t ions  revea led  
t h a t  t h e r e  was no i n c r e a s e  i n  chromatid or chromosomal 
abnormal i t ies  induced i n  t h e  p e r i p h e r a l  blood of s u b j e c t s  
whose testes w e r e  i r r a d i a t e d  wi th  x-ray, This  was 
' an t i c ipa t ed  and s e r v e s  t o  r u l e  o u t  t e c h n i c a l  d i f f i c u l t i e s  
i n  our s tudy.  

Twenty-one c o n t r o l  t e s t i c u l a r  c u l t u r e s  produced 770 
cel ls  s u i t a b l e  for  a n a l y s i s .  From seven p o s t - i r r a d i a t i o n  
biopsy specimens t h e  tissue c u l t u r e  p r e p a r a t i o n s  produced 
311 cel ls  s u i t a b l e  for a n a l y s i s  and comparison. These 
d a t a  a r e  l i s t e d  i n  Tables  10 and 11. 
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b. R e s u l t s  and Statistical Analysis of Chromosome Breakaye 

The first step in the development of a test criterion to 
detect an increase in chromosome breakage is to postulate a pro- 
bability distribution for the number of breaks in a control cell. 

If we assume that there are a very large number of locations 
N where a chromosome break may occur and that the probability of 
a break may occur at each location is p, then if the breaks are 
acting independently of each other, the probability distribution 
Of the total number of breaks x is the poisson. 

v = 0, 1, ... 

where A = N p .  

If we look at c1 cells and count the total number of breaks 
X 1 in the 5, cells, then x1 also has a Poisson distribution but 
with parameter A t  1' Thus , 

v = 0 , l f  ... . ( 2 )  P { X l  = v,} = e% ( A Q 5  - 1 

l! V 

If we also count the number of chromosome breaks x2 in 5, 

cells of a person who has been irradiated and if there has been 
no radiation effect, then the probability distribution of x2 is 

v = O f l ,  ... . ( 3 )  PIXz = v,) = e h t 2  (XC2)V2 2 - 
V 2 !  

Let' us assume that we have counted v1 breaks in 5, cells and 
V 2 breaks in 5, cells and we wish to know, assuming no radiation 
effect, the probability of this occurring by chance alone. It can 

1 0 0 1 9 4 1  
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be shown t h a t  t h i s  i s  equal  t o  

v +v v s v  -x 'v +Vl 2 1 2  

(4) PCX2 v2/v2 + v11= 2 2  gv j:, ) ( & J 2 ( - )  

I f  v1 = 0 then  equat ion ( 4 )  reduces t o  

Equation (4) may be eva lua ted  by us ing  t h e  "F" t a b l e s  and t h e  
f a c t  t h a t  

S ince  i n d i v i d u a l s  vary i n  regard t o  t h e  e x t e n t  of t h e i r  n a t u r a l  

chromosome breakage it i s  h ighly  d e s i r a b l e  t o  allow each i n d i v i d u a l  
t o  a c t  as h i s  own c o n t r o l .  This type of d a t a  was obta ined  f o r  
fou r  i n d i v i d u a l s ,  and t h e  r e s u l t s  a r e  shown i n  Table 10 .  The i n t e r -  

p r e t a t i o n  of t h e  Ilp" va lue  i s  t h a t  under t h e  assumption t h a t  t h e r e  
has been no r a d i a t i o n  e f f e c t  an event  has occurred t h a t  has  a pro- 

b a b i l i t y  p. I f  p i s  less than an agreed-upon va lue  a then  w e  re- 
j e c t  t h e  hypothesis  of no r a d i a t i o n  e f f e c t .  
Type I e r r o r  and by convention i s  usua l ly  taken  as - 0 5  o r  .01. 

The va lue  CI i s  t h e  

For s e v e r a l  cases a l imi t ed  number of karyotypes w e r e  obtained.  
Thus, our a b i l i t y  t o  d e t e c t  a change i n  t h e s e  cases ,  when i n  f a c t  

it d i d  occur ,  i s  r e l a t i v e l y  s m a l l .  I n  o the r  words, f o r  t h e s e  cases  
t h e  power of t h e  s t a t i s t i c a l  t e s t  i s  small  o r  the  Type I1 e r r o r  
i s  l a r g e ,  

A less d e s i r a b l e  type of c o n t r o l  t o  use i s  t h e  pooled d a t a  
from a number of i nd iv idua l s .  However, i n  t n e  absence of another  
a l t e r n a t i v e  t h i s  approach does have cons iderable  u t i l i t y .  I t  

should be kep t  i n  mind, s i n c e  each ind iv idua l  i s  compared t o  t h e  

same c o n t r o l ,  t h a t  t h e  r e s u l t s  obtained f o r  each i n d i v i d u a l  a r e  
n o t  independent of each o the r .  

1 0 0 1 9 4 2  
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A t o t a l  of 770 karyotypes from 2 1  s u b j e c t s  were examined 
and a t o t a l  of 2 8  breaks were found. These d a t a  were used 
a s  a c o n t r o l  and compared t o  each of the p o s t - i r r a d i a t i o n  
biopsy m a t e r i a l .  T h i s  comparison i s  shown i n  Table 11. 
W e  no te  t h a t  t h e  s i g n i f i c a n c e  l e v e l s  a r e  much lower ' t h a n  
those  obta ined  i n  Table 10 .  

I n  summary our d a t a  suppor t  the  concept t h a t  i r r a d i a t i o n  t o  
t i s s u e  produced chromosomal abnormal i t ies .  However, t h e  
v a l i d i t y  of t h e  p r o b a b i l i t y  s ta tements  depend on the 
homogeneity of chromosomal breakage i n  t h e  normal populat ion.  
This p o i n t  has  no t  been f u l l y  def ined .  

1 0 0 1 9 4 3  



0 
rl 

m +  

rl 
N O  

cv 

z 
0 
H 
E 
4 
H 

3 
p: 
H 
I 

I 3  
v) 
0 
pc 

-I 
Q 

rl , 

W 
Ln 

rl mu) W 
rl 

p: p: 
0 0 
m 0 

rl 

-3 
Ln 

p: 
0 

P; 
0 
0 0 
rl rl 

0 
N rl 

m W 

0 0 0 0 

0-7 co W m 
N rl 



Page 39 

tu 
0 

c 
$ 

m a 
Id 
& 

cv 
3 

c 
*d 

.in in in in 
rl 0 0 0 

0 0 

V V V 

CII 

z 
In 
0 CIIO 
0 - 0  0 0 

V z ;  w 

r l m  rl TY in m m TY 
cI\ co m 

(v cnco P a3 W 
rl 

In d I n  m 

In w m  . .  
W co * 0 

W 
In 

rl 
rl 

0 
E 
in 

m 
k 
h 

(\d 

p: 
0 
m 

m 
(v 

m W  

p: 
0 
0 
rl 

W 
rl 

W -3 
rl 

d m 
k 

* 0 
rl 

c E 

co (v 
In In 

m cI\ 
rl 

p: p: p: p: 
0 0 0 
rl rl rl w 

0 
0 

0 0 0 
p: 
0 
0 
rl 

m cv co m 
m m cv W 



-40- 

B. Meiotic Chromosomes 

1. Normal Non-Irradiated Adult Males. The fol lowing c o n s t i -  
t u t e s  a manuscript  under p repa ra t ion  f o r  submission t o  the 
American Journa l  of Human Genetics.  

STRUCTURAL ABNORMALITIES O F  GERM CELL 

CHROMOSOMES I N  MEN W I T H  NORMAL SPERMATOGENESIS 

by 

Stephen P. Swersie  and C. Alvin Paulsen 

INTRODUCTION 

Spermatogenesis i n  the a d u l t  male passes  through s e v e r a l  s t a g e s  
of development before product ion of mature spermatozoa- T h e o r e t i c a l l y ,  
four  spermatids  are produced from each i n i t i a l  spermatocyte by t h e  
p rocess  of meiosis, Recent d a t a ,  however, i n d i c a t e  t h a t  an a t t r i t i o n  
ra te  of 37% may a c t u a l l y  be p r e s e n t  dur ing  human meiosis  (Barr ,  1967).  
Study of t h e  me io t i c  process  i n  t h e  human male has  been in f r equen t .  
Evalua t ion  or' germ cell ehrorrosomes i n  man was f i r s t  at tempted by von 
Winiwarter (1912) , us ing  h i s t o l o g i c  s e c t i o n s .  Pa in t e r  (1923) , us ing  
a s i m i l i a r  technique,  l a t e r  s t a t e d  t h a t  48 chromosomes w e r e  normally 
p r e s e n t  a t  spermatogonial  metaphase.. I t  was only a f t e r  a c o n s i s t e n t  
chromosome count of 46 was r epor t ed  i n  embryonic lung t i s s u e  ( T j i o  
& Levan, 1956) t h a t  t h e  t r u e  chromosome number i n  man became known. 
Technical  improvements i n  methodology have subsequently permi t ted  
bettev q u a n t i t a t i v e  eva lua t ion  of the  germ cells of man. Addi t iona l  
in format ion  regard ing  t h e  morphologic v a r i a t i o n s  of human me io t i c  
chromosomes has  accumulated s i n c e  1956, These r e p o r t s ,  un fo r tuna te ly ,  
have a l l  be obta ined  from men wi th  e i t h e r  gen i tou r ina ry  pathology 
or from s u b j e c t s  i n  which the s t a t u s  of spermatogenesis was undefined. , 

(Ferguson-Smith 1961; Dar l ing ton  & Haque, 1962; Book & Kjessler, 1964; 
Sasak i  & Makino 1965; McIlree et a l . ,  1966; Hulten e t  al., 1966; 
Kjessler, 1966: M c D e r m o t t ,  1966) .  

The p r e s e n t  r e p o r t  describes t h e  germ ce l l  chromosomes i n  a d u l t  
males with v e r i f i e d  normal spermatogenesis.  Chromosomes were examined 



f o r  s t r u c t u r a l  and numerical v a r i a t i o n s .  Our r e s u l t s  i n d i c a t e  
t h a t  normal spermatogenesis i s  accompanied by a s i g n i f i c a n t  
inc idence  of germ c e l l  chromosome abnormal i t ies .  The s i g n i f i c a n c e  
of  t h e s e  f ind ings  is  d iscussed .  

MATERIAL AND MElTHODS 

T e s t i c u l a r  b iopsy  m a t e r i a l  was obta ined  from seven h e a l t h y  
a d u l t  male v o l u n t e e r s ,  aged 26-47 years .  The s u b j e c t s  w e r e  
randomly s e l e c t e d  from a l a r g e r  group of inmate vo lun tee r s  from 
t h e  Washington S t a t e  P e n i t e n t i a r y  who w e r e  p a r t i c i p a t i n g  i n  a 
s tudy  o f  f a c t o r s  e f f e c t i n g  spermatogenesis.  A l l  gave a h i s t o r y  
of prev ious  f e r t i l i t y .  Normal spermatogenesis was documented i n  
each s u b j e c t  by repea ted  sperm counts  over 56 m i l l i o n / c c  (Gordon 
e t  a l . ,  1967) normal u r i n a r y  Fol l ic le  S t imula t ing  Hormone (FSH) 
t i t e rs  (Steelman & Pohley, 1953) and t e s t i c u l a r  h i s t o l o g y .  I n  
a d d i t i o n ,  blood leukocyte  (Moorhead e t  a l e  1960) OK s h o r t  t e r m  
t e s t i c u l a r  monolayer c u l t u r e s ( P a u l s e n ,  de Souza and Yoshizumi, 1964) 
for chromosome eva lua t ion  r evea led  normal male karyotypes i n  s i x  
of t h e  s u b j e c t s .  The seventh s u b j e c t  (M-1)  was unavai lab le  f o r  
somatic c e l l  karyotyping.  

All b i o p s i e s  w e r e  performed wi th  l o c a l  anes thes i a .  
t i s s u e  specimens, u s u a l l y  under 3 mm , w e r e  immediately ?laced 
i n t o  hypotonic (0.7%) sodium c i t r a t e  s o l u t i o n  and processed by 
a modi f ica t ion  of  Evans e t  a l  (1964).  G e r m  ce l l s  w e r e  t eased  
from the  t u b u l e s  us ing  f i n e  forceps  and l e f t  i n  hypotonic  s o l u t i o n  
fo r  1 5  minutes a t  room temperature .  S l ides  w e r e  prepared by flame- 
dry ing  a f t e r  20 minutes f i x a t i o n  i n  acetic-methanol (1:3). An 
average of 10-20 s l ides  w e r e  prepared from each s u b j e c t .  A l l  
s l i des  w e r e  s t a i n e d  wi th  tetrachrome and scanned under a Z e i s s  
photomicroscope, D i r e c t  microscopic  eva lua t ion ,  a s  w e l l  as  
photographic a n a l y s i s ,  was made on all appropia te  cells  which 
w e r e  i n t a c t .  Disrupted ce l l s  w e r e  n o t  analyzed f o r  abnormal i t ies .  
They w e r e ,  however, tabulated as r e p r e s e n t i n g  probable  d i p l o i d  
ce l l s  i n  the  de te rmina t ion  o f  po lyplo id  frequency. 

The 
3 

SIESULTS 

A cons iderable  number of w e l l  spread c e l l s  w e r e  p r e s e n t  on 
most s l i d e s .  
at pachytene prophases  w i t h  t h e  autosomal e l emen t s  appearing a s  
interwoven i n d i s t i n g u i s h a b l e  t h i n  th reads .  Separa te  chromosome 
elements w e r e  seen i n  spermatogonia,  primary, and secondary 
spermatocytes dur ing  ce l l  d i v i s i o n  a t  metaphase. 

The he te ropycno t i c  sex v e s i c l e  could be detected 

The chromosomes at spermatogonial  metaphase appeared as 
h e a v i l y  condensed elements.  I n d i s t i n c t  s epa ra t ion  of t h e  chromatid 

IO0 I 9 4 7  



~ I X I S  was c h a r a c t c r i s t i c  of t h c s c  chrornosomcs, i n  c o n t r a s t  t o  
somatic cell m i t o t i c  p r c p a r a t i o n s .  Moreover, a defini 'cc cent ro-  
mere was f r e q u e n t l y  absen t .  Some elements d i d  demonstrate a 
d i s c r e t e  c e n t r a l  c o n s t r i c t i o n ,  o f t c n  accompanied by e longa t ion  
of the a r e a .  Actual  chromosomc fragmentat ion was a l s o  s e e n  
( F i g .  20)  i n  many ce l l s .  I n  s p i t e  of t h i s  f r equen t  f ragmenta t ion ,  
a modal number of 4 6  chromosome elements  was found i n  all subjec ts  
(Table 1 2 ) .  Over 50% of  t h e  nonmodal c e l l s  e x h i b i t e d  evidence 
of chromosome loss, wi th  modal counts  under 46.' These c e l l s  all 
appeared t o  be o therwise  i n t a c t ,  and w e r e  i n t e r p r e t e d  as r e p r e s e n t i n g  . 
t r u e  Loss 02 chromosomes. 

I 

Polyplo id  forms of spermatogonial  metaphase were noted (F ig .  2 1 )  
i n  s i x  of t h e  seven s u b j e c t s .  The o t h e r  subject  had only  5 c e l l s  
p r e s e n t  a t  spermatogonial  metaphase and could n o t  be adequate ly  
eva lua ted .  Exact  chromosome counts  w e r e  o f t e n  impossible  i n  t h e  
po lyp lo id  c e l l s ,  however most w e r e  t e t r a p l o i d  i n  n a t u r e .  
c e l l s  con ta in ing  up t o  1 2 0  chromosome elements were a l so  noted.  
The inc idence  of polyplo idy  i n  t h e s e  i n d i v i d u a l s  ranged from 4 . 2  
t o  13.6% of  t h e  metaphase p l a t e s  seen ,  w i t h  an average frequency 
of 7.4% (Table 1 3 )  - 

Occasional 

B iva len t  a s s o c i a t i o n  of homologous chromosomes was seen  (F ig .  2 2 )  
a t  d i a k i n e s i s  and f i r s t  meiotic metapHa-se. The autosomal b i v a l e n t s  
w e r e  u s u a l l y  u n i t e d  a t  2 or 3 chiasma t o  form b i v a l e n t s  of vary ing  
c o n f i g u r a t i o n .  Occas iona l ly ,  up t o  5 chiasma w e r e  apparent  i n  
one 02 t h e  l a r g e r  b i v a l e n t s ,  whi le  some of t h e  sma l l e r  b i v a l e n t s  
had only  one chiasma. The s e x  chromosome b i v a l e n t  w a s  e a s i l y  
recognized i n  most cells  by i t s  c h a r a c t e r i s t i c  l i n e a r  c o n f i g u r a t i o n  
and t e rmina l  a s s o c i a t i o n .  I t  w a s  no t  p o s s i b l e  t o  determine by 
light microscopy if t h e  sex  chromosomes w e r e  a s s o c i a t e d  by a t r u e  
chiasma o r  by o t h e r  means of union. "he X I I  b i v a l e n t  w a s  con- 
s i d e r e d  t o  posses s  a s i n g l e  t r u e  chiasma however, when t h e  
-chiasma frequency per  c e l l  was determined. 

Evalua t ion  of c e l l s  which e x h i b i t e d  2 3  d i s t i n c t  b i v a l e n t s  r evea led  
an average of 50.1 chiasma pe r  c e l l ,  w i t h  a range of 40-59 (Table 14). 
Since  the number of chiasma per  b i v a l e n t  dec reases  i n  metaphase, 
the observed chiasma range may be p a r t i a l l y  secondary t o  i n c l u s i o n  
Of  d i f f e r e n t  s t a g e s  of  d i a k i n e s i s  and f i r s t  me io t i c  metaphase. 

S o m e  c e l l s  f a i l e d  t o  show b i v a l e n t  a s s o c i a t i o n  of a l l  t h e  .. 
chromosomes a t  f i r s t  m e i o t i c  metaphase (Table 1 2 ) .  One of t h e  
sma l l e r  b i v a l e n t s  f r e q u e n t l y  appeared e longated ,  w i t h  a c t u a l  
s e p z r a t i o n  of homologous chromosomes seen i n  8.0% of t h e  ce l l s .  
Precocious s e p a r a t i o n  of the sex chromosomes was also seen i n  
a l l  s u b j e c t s ,  occu r r ing  i n  4.5% of c e l l s  examined. There was 
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TABLE 14  

CHIASMA FREQUENCY PER CELL 

D i a k i n e s i s  & F i r s t  Meiotic Metaphase 

Subject Cells 
No. C h i a s m a / C e l l  R a n q e / C e l l  C o u n t e d  

M 1  50.9 46 - 58 1 6  

M 7  50.3 44 - 59 6 

M 9  48.4 40 - 56 25 

M 14  50.3 46 - 54 3 

M'15 51.8 47 - 55 1 2  

M 1 7  4909 43 - 54 10 

1 0 0 1 9 5 2  
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no c o r r e l a t i o n  b e t w e e n  precocious sepa ra t ion  of an autosomal 
b i v a l e n t  wi th  t h a t  of t h e  sex chromosomes. Only one c e l l  manifested 
simultaneous s e p a r a t i o n  of both b i v a l e n t s .  The autosomal un iva len t s  
always appeared t o  l i e  c l o s e  toge the r  i n  the  metaphase p l a t e ,  whereas 
the  sex  chromosome u n i v a l e n t s  would o f t e n  appear d i s t a n t  from each 
o t h e r .  This would sugges t ,  a t  l e a s t  w i t h  t h e  s e x  chromosomes, 
t h a t  t h e  presence of un iva len t s  is  not an a r t i f a c t  o f  technique,  
b u t  a n a t u r a l  occurrence e 

Polyploidy was a l s o  seen a t  d i a k i n e s i s  (Fig.  23) and f i r s t  meio t ic  
metaphase, w i t h  an average frequency of 2:9% of  a l l  c e l l s  (Table 1 3 ) .  
Some c e l l s  appeared t o  r e p r e s e n t  po lyplo id  forms, b u t  had i r r e g u l a r i t y  
of t h e  margin sugges t ing  a r t i f a c t u a l  merging of two d i p l o i d  c e l l s .  
These l a t t e r  c e l l s  w e r e  n o t  considered t o  r e p r e s e n t  t r u e  po lyp lo ids ,  
and were, t h e r e f o r e ,  t abu la t ed  a s  s e p a r a t e  d i p l o i d  forms. 

Mul t iva l en t  a s s o c i a t i o n  was d e t e c t e d  i n  3 of t h e  s u b j e c t s  (Fig.  24)  
i n  a t o t a l  of s i x  ce l l s  (1.5% i n c i d e n c e ) .  Whereas 22  of t h e  b i v a l e n t s  
a t  d i a k i n e s i s  had normal conf igu ra t ion ,  one was noted t o  be abnormal. 
These abnormal elements appeared t o  r e p r e s e n t  t r i v a l e n t  a s s o c i a t i o n s ,  
w i th  an un iva len t  arm connected by a s i n g l e  chiasma t o  t h e  b i v a l e n t  
nucleus.  It  i s  a l s o  p o s s i b l e ,  however, t h a t  they r e f l e c t e d  previous 
chromosome breakage wi th  l o s s  of l a r g e  a c e n t r i c  fragments. Chromosome 
breakage and fragmentat ion were d e f i n i t e l y  seen  i n  o t h e r  c e l l s ,  being 
found i n  all subjec ts . ,  These ce l l s  appeared i n d i s t i n c t  wi th  evidence 
of degenerat ion and d i s s o l u t i o n  of nuclear  m a t e r i a l .  Degenerating 
cel ls  w e r e  evenly d i s t r i b u t e d  on d i f f e r e n t  s l i d e s ,  occur r ing  wi th  a n  
average incidence of 4.4% of a l l  c e l l s  (range 2.1-11%) (F ig .  2 5 ) .  
They w e r e  no t  f e l t  t o  be a r t i f a c t u a l  i n  o r i g i n ,  s ince  surrounding 
c e l l s  maintained normal appearance and were free of d i s t o r t i o n .  

Haploid chromosomes of secondary spermatocytes were seen a t  metaphase, 
c h a r a c t e r i z e d  by s p i r a l i z a t i o n  of t h e i r  chromatid arms. Homologous 
chromatid arms w e r e  u s u a l l y  w i d e l y  d ive rgen t  from each other,  o f t e n  
r e s u l t i n g  i n  d i f f i c u l t y  i n  a c t u a l l y  i d e n t i f y i n g  pa i r ed  elements.  
It  was no t  p o s s i b l e  t o  q u a n t i t a t i v e l y  eva lua te  the  chromosomes a t  th i s  
s t a g e  because of  t h i s  t e c h n i c a l  d i f f i c u l t y .  A f e w  polyplo id  ce l l s ,  
however, w e r e  a l s o  seen  a t  second meio t ic  metaphase. 

DISCUSS I ON 

These d a t a  c l e a r l y  show t h a t  bo th  numerical  and s t r u c t u r a l  ab- 
n o r m a l i t i e s  occur i n  t h e  germ c e l l  chromosomes i n  t h e  presence of 
normal spermatogenesis.  Germ c e l l  mosaicism was p r e s e n t ,  a s  evi-  
denced by t h e  h igh  incidence of nonmodal ce l l s .  The frequency 
of nonmodal ce l l s  i n  spermatogonia a t  metaphase w a s  e s p e c i a l l y  
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s i g n i f i c a n t ,  V a r i a b i l i t y  i n  number of spermatogonial  chromosomes 
pe r  c e l l  has  prev ious ly  been observed i n  h i s t o l o g i c  t e s t i c u l a r  
s e c t i o n s  ( P a i n t e r ,  1923), sugges t ing  t h a t  t h i s  phenomenon occurs  
i n  vivo.  Severa l  mechanisms may be involved i n  t h e  product ion 
of these  nonmodal ce l l s .  F i r s t ,  chromosome fragmentat ion may 
c o n t r i b u t e  t o  some of t h e  c e l l s  which appeared t o  have g r e a t e r  
than 46 chromosomes. The f r a g i l i t y  of t h e  spermatogonial  
metaphase chromosomes may be a r e f l e c t i o n  of a r t i f a c t u a l  damage 
due t o  technique of ce l l  p r e p a r a t i o n ,  b u t  may a l s o  occur i n  vivo. 
Loss of g e n e t i c  m a t e r i a l  even tua l ly  r e s u l t s  when fragmentat ion 
occurs  i n  v ivo ,  s i n c e  t h e  fragmented p o r t i o n  is  unat tached t o  
a centromere f o r  r e d u p l i c a t i o n .  Secondly, i t  is  a l s o  p o s s i b l e  
t h a t  s o m e  of t hese  ce l l s  r e p r e s e n t  t r u e  trisomies, w i th  a n e t  
i nc rease  i n  DNA m a t e r i a l .  The presence of ce l l s  wi th  mul t i -  
v a l e n t  a s s o c i a t i o n  a t  d i a k i n e s i s  i n d i c a t e s  t h a t  t r u e  hype rp lo ida l  
ce l l s  are occas iona l ly  p r e s e n t  i n  the  germ c e l l  s tem-l ine.  

Spermatogonia conta in ing  less than 46 chromosomes a t  metaphase 
cannot  be explained by a r t i f a c t u a l  loss,  s i n c e  t h e  cells  a l l  
appeared t o  be otherwise i n t a c t .  The presence of i n  vivo loss 
of chromosomes a t  spermatogonial  metaphase is  supported by f i n d i n g  
less than 2 3  b i v a l e n t s  i n  some apparent ly  i n t a c t  ce l l s  a t  d i a k i n e s i s  
and f i r s t  meio t ic  metaphase. Hypomodal primary spermatocytes 
a t  d i a k i n e s i s  could r e s u l t  from a r t i f a c t u a l  d i s r u p t i o n  of t he  
nuc lear  membranes and loss of one o r  m o r e  b i v a l e n t s ,  however, 
one would expect  t o  f i n d  t h e s e  " l o s t "  b i v a l e n t s  elsewhere on 
t h e  s l i d e s .  W e  have never seen i s o l a t e d  b i v a l e n t  chromosomes 
on t h e  s l i d e s ,  except  i n  t h e  immediate v i c i n i t y  of obviously 
damaged ce l l s .  T h i s  i s  f u r t h e r  evidence,  t h e r e f o r e ,  t h a t  hypo- 
modal c e l l s  a t  bo th  spermatogonial  metaphase and d i a k i n e s i s  
probably occur i n  v ivo ,  and a r e  n o t  a r e f l e c t i o n  of a r t i f a c t u a l  
damage, I t  i s  of i n t e r e s t  t h a t  s i m i l a r  hypomodal "apparent ly  
i n t a c t "  ce l l s  a t  d i a k i n e s i s  were r epor t ed  by Ford and Hamerton 
(1956),  b u t  a t t r i b u t e d  by those  au thors  t o  be of no s i g n i f i c a n c e .  

Polyploid germ ce l l s  w e r e  found a t  a l l  t h r e e  s t a g e s  of ce l l  
d i v i s i o n .  The presence of polyplo idy  impl ies  either a d e f e c t  i n  
t h e  sp ind le  mechanism or f a i l u r e  of cytoplasmic d i v i s i o n  fol lowing 
a normal m i t o s i s .  Defec t ive  cytoplasmic d i v i s i o n  would appear 
t o  be t h e  most probable  mechanism f o r  t h e  c e l l s  found, s i n c e  
m u l t i v a l e n t  a s s o c i a t i o n s  w e r e  absen t  i n  the  polyplo id  ce l l s  a t  
d i a k i n e s i s .  

The decreas ing  frequency o f  po lyplo id  c e l l s  seen i n  t h e  more 
mature germ c e l l s ,  sugges ts  t h a t  some degenerat ion occurs, Actual  
degenera t ive  changes w e r e  n o t  noted i n  the  polyplo id  ce l l s  howevero 

i s  p o s s i b l e  t h a t  t h e s e  polyplo id  ce l l s  might be p a r t l y  r e spons ib l e  
for the  h igh  inc idence  of t r i p l o i d y  secn i n  spontaneous abor tuses .  

I i n  d i s t i n c t i o n  t o  t h e  f i n d i n g s  o f  Darl ington & Haque (1962) .  I t  

1 0 0 1 9 5 5  



T h i s  i s  supported by the  observa t ion  of an XTY s e x  chromosome com- 
plement i n  some t r i p l o i d  f e t u s e s  (Lanman, 1968) ,  i n d i c a t i n g  t h a t  
some m u s t  be r e l a t e d  t o  p a t e r n a l  polyploidy.  

Polyploid c e l l s  a r e  not  unique t o  the  germinal ce l l s .  They have 
b e e n  occas iona l ly  seen i n  e ry th rocy te  p recu r so r s  i n  d i r e c t  bone 
marrow squash p repa ra t ions  (Powsner & Berman, 1961), and a r e  a 
normal c h a r a c t e r i s t i c  of megakaryocytes. 

The p a i r i n g  of homologous chromosomes t o  form b i v a l e n t s  is  t h e  
d i s t i n g u i s h i n g  f e a t u r e  of f i r s t  meio t ic  prophase. These b i v a l e n t s  
normally remain un i t ed  dur ing  f i r s t  meio t ic  metaphase, s e p a r a t i n g  
only dur ing  anaphase. Termina l iza t ion  of chiasma may occur e a r l y  
dur ing  metaphase i n  some b i v a l e n t s .  Precocious s e p a r a t i o n  of a 
b i v a l e n t  was p r e s e n t  i n  over 12% of c e l l s  a t  d i a k i n e s i s  and a t  t h e  
f i r s t  me io t i c  metaphase. Previous au thors  have a l s o  noted t h e  
f requent  appearance of precocious sepa ra t ion  of e i t h e r  t h e  sex  
chromosomes o r  an autosomal b i v a l e n t  a t  t h i s  s t a g e  (Ford & Hamerson, 
1956; Ferguson-Smith, 1961; Sasaki  & Makino, 1965; Hulten e t  al., 
1966) .  A major concern of a l l  i n v e s t i g a t o r s ,  inc luding  the p resen t  , 

au thor s ,  has  been t h e  i n a b i l i t y  t o  determine if these  f ind ings  occur 
i n  v ivo ,  or r e s u l t  from minor damage t o  ce l l s  during t h e  p r e p a r a t i o n  
process .  

Separa t ion  of a b i v a l e n t  dur ing  metaphase may r e s u l t  i n  f a i l u r e  of 
t he  i n d i v i d u a l  u n i v a l e n t s  t o  s e g r a t e  on t h e  e q u a t o r i a l  p l a t e .  The 
c l i n i c a l  consequences would be s i m i l a r  t o  t h a t  of nondis junc t ion  
d u r i n g  anaphase, s i n c e  both  u n i v a l e n t s  may pass  t o  t h e  same s p i n d l e  

.po le .  T h e o r e t i c a l l y ,  t h r e e  d i f f e r e n t  types  of secondary spermato- 
c y t e s  could be produced a s  a r e s u l t  of precocious s e p a r a t i o n  of 
b i v a l e n t s .  F i f t y  pe r  c e n t  of these c e l l s  would be normal, o r  Type 
I ;  of t h e  remainder,  Type 11 secondary spermatocytes would con ta in  
both t h e  X and Y chromosome w h i l e  t h e  Type I11 c e l l s  would con ta in  
only autosomes. Documentation of precocious sepa ra t ion  of b i v a l e n t s  
a t  f i r s t  meiotic metaphase r e q u i r e s  t h e  observa t ion  of e i t h e r  Wpe 
I1 o r  I11 secondary spermatocytes.  Unfor tuna te ly ,  t he  p r e s e n t  
techniques of chromosome p repa ra t ion  a r e  no t  s u f f i c i e n t l y  developed 
t o  q u a n t i t a t i v e l y  e v a l u a t e  t h e  chromosome c o n s t i t u t i o n  of t h e  
secondary spermatocytes ,  and t h i s  documentation i s  lacking .  

Our f ind ings  suppor t  t he  e x i s t e n c e  of an a t t r i t i o n  r a t e  dur ing  
normal spermatogenesis.  A major p o r t i o n  of t h e  a t t r i t i o n  process  . 
would appear t o  occur a t  t h e  f i r s t  me io t i c  d i v i s i o n .  
of each c e l l  a t  t h e  f i r s t  meio t ic  d i v i s i o n  r e s u l t s  i n  t h e  loss  of 
4 p o t e n t i a l  spermatids .  
17.6% would t h u s  r e s u l t  from t h e  degenera t ive  ce l l s  observed a t  
t h i s  s t a g e  alone.  

Degeneration 

A decrease  i n  spermatid formation averaging 

The presence of documented chromosomal abnormal i t ies  dur ing  
normal spermatogenesis may be a s i g n i f i c a n t  f a c t o r  i n  t h e  observed 
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a t t r i t i o n  of germ cel ls .  
e s s e n t i a l  chromatod m a t e r i a l  may c o n t r i b u t e  t o  d e f e c t i v e  p a i r i n g  
of  chromosomes a t  t h e  f i r s t  meio t ic  prophase, w i th  r e s u l t i n g  
degenera t ion .  The i n t r a t e s t i c u l a r  degenerat ion of g e n e t i c a l l y  
unbalanced germ c e l l s  may be considered t o  r e p r e s e n t  a b e n e f i c i a l  
e f fec t  i n  normal men, by dec'reasing t h e  incidence of d e f e c t i v e  
gametes. 
spermic males could c o n t r i b u t e  t o  cases  of " i d i o p a t h i c  i n f e r t i l i t y "  
c l i n i c a l l y  observed. 

E i t h e r  an excess  or  a de f i c i ency  of 

Impairment of t h i s  p r o t e c t i v e  mechanism i n  some normo- 

2 .  Prel iminary P o s t - I r r a d i a t i o n  S tud ie s  

With our s tudy  i n  normal non- i r rad ia ted  s u b j e c t s  a s  a 
b a s e l i n e  we have s t a r t e d  t o  i n v e s t i g a t e  t h e  germ c e l l  chromo- 
somal p a t t e r n  i n  our  vo lun tee r s  fol lowing i r r a d i a t i o n .  A t  
t h i s  t i m e  we  have pre l iminary  observa t ions  on two such s u b j e c t s .  
Table 15  l ists  t h e  information obta ined  so f a r .  

RV-8 rece ived  50 r four  y e a r s  p r i o r  t o  obta in ing  t h e  biopsy 
specimen. There was no evidence of abnormal conf igu ra t ions  
a t  d i a k i n e s i s .  S t a t i s t i c a l  eva lua t ion  of t h e  inc idence  of 
po lyplo id  c e l l s  was n o t  p o s s i b l e  due t o  t h e  smal l  number of 
cel ls  a v a i l a b l e  f o r  examination. There was no i n c r e a s e  
i n  t h e  inc idence  of random b i v a l e n t  loss per c e l l  a s  compared 
t o  t h e  c o n t r o l  popula t ion .  Therefore ,  wi th  t h i s  specimen 
w e  w e r e  unable t o  d e t e c t  any abnormal i t ies  t h a t  could be 
a t t r i b u t e d  t o  h i s  exposure t o  i r r a d i a t i o n  (Table 15). 

RV-14 rece ived  400 r four yea r s  p r i o r  t o  secur ing  h i s  t e s t i c u l a r  
biopsy specimen f o r  examination of germ c e l l  chromosomes. There 
was no increased  inc idence  of precocious sepa ra t ion  of the (Fig.  26)  
"sex" b i v a l e n t s  nor autosomal b i v a l e n t s .  There w a s  a s l i g h t l y  
h igher  inc idence  (10%) of random b i v a l e n t  loss per  ce l l .  
The frequency of polyplo id  and degenerat ing ce l l s  is s i m i l a r  
t o  t h a t  encountered i n  our c o n t r o l  popula t ion  (Table 1 5 ) .  

Two ce l l s  a r e  of p a r t i c u l a r  i n t e r e s t .  One well-spread c e l l  
l a c k s  t h e  sex  chromosomes. The o the r  c e l l  appears t o  have a 
m u l t i v a l e n t  sex  chromosome which sugges ts  t h e  presence of 
an XXY conf igu ra t ion .  (F igures  27 and 28)  

I n  summary, t h e  presence of seven ce l l s  lack ing  1-3 of t h e  
b i v a l e n t s  p l u s  t h e  c e l l  e x h i b i t i n g  a mul t iva l en t  s ex  chromosome 
a s s o c i a t i o n  sugges t s  t h a t  t h e  s p i n d l e  membrane (spermatogonial  
metaphase) may have been d i s r u p t e d  w i t h ,  a r e s u l t a n t  a l te ra t ion  
i n  chromosome p a i r i n g .  Fur ther  s t u d i e s  w i l l  be r equ i r ed  t o  * 

d e f i n e  the role of i r r a d i a t i o n  i n  c r e a t i n g  these  abnormal i t ies  



pigure 26. 

W-14 Normal Diakinesis 
€our years following 
k00 r. 

Figure 27. 

RV-14 Diakinesis 
lacking the multivalent 
sex' chromosome. Four 
years following 400 r. 

Figure 28. 

RV-14 Diakinesis. with 
multivalent sex 
chromosome, suggesting 
XXY configuration. 
Four years after 400 x .  
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TABLE 1 5  

TESTICULAR GERM-CELL ANALYSIS OF 
MEIOTIC CHROMOSOMES FOLLOWING IRRADIATION 

RV-8 50 r Four Years E a r l i e r  

normal d i a k i n e s i s  (23XY) ...................... 2 3  c e l l s  
normal XY, b u t  i n d e f i n i t e  count**. ............ 10 c e l l s  
Precocious s e p a r a t i o n  of b i v a l e n t  ............. 0 c e l l s  
Missing one b i v a l e n t ,  (22XY)* ................. 1 c e l l  
Missing t w o  b i v a l e n t s  (21XY)* ................. 1 c e l l  
Polyplo id  cell..o............................ee 3 c e l l s  

To ta l  examined 38 ce l l s  

RV-14 400 1c Four Years E a r l i e r  

normal d i a k i n e s i s  ( 2 3  xY.)........-............ 2 6  ce l l s  
normal X Y ,  i n d e f i n i t e  count** ................. 19  ce l l s  
precoc ious  s e p a r a t i o n  of b i v a l e n t  

sex chromosomes (X+Y) .............. 4 c e l l s  
autosome. . . . . . . . . . . . . . . . . . . . . . . . . . . -  1 c e l l  

Missing one b i v a l e n t  (22XY)* .................. 3 c e l l s  
Missing t h r e e  b i v a l e n t s  (20XY)*....e.......... 3 c e l l s  

Degenerating c e l l . ,  ........................... 1 c e l l  
Poss ib l e  XXY a s s o c i a t i o n  ...................... 1 c e l l  
Missing sex chromosomes (22+0) ................ 1 c e l l  

Polyploid ce l l . .  .............................. 2 c e l l s  

Total  examined 61 ce l l s  

* C e l l  appears  t o  be otherwise i n t a c t  
** Biva len t  overlapping p r e s e n t ,  unable t o  g ive  e x a c t  count 
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V. Chanqes i n  Urinary Gonadotrophin Excret ion Ti ters  FOllOWinq 
I r r a d i a t i o n  

I t  is well-known t h a t  a r e c i p r o c a l  r e l a t i o n s h i p  e x i s t s  between 
gonadal func t ion  and u r i n a r y  gonadotrophin l e v e l s .  However, 
the p r e c i s e  d e t a i l s  and mechanisms of t h i s  r e l a t i o n s h i p  a r e  no t  
c l e a r l y  understood. When s u f f i c i e n t  primary t e s t i c u l a r  damage 
occurs  u r i n a r y  gonadotrophin l e v e l s  become e l eva ted .  
i n c r e a s e  is t h e o r e t i c a l l y  p ropor t iona l  t o  the  degree of gonadal 
damage and i s  n o t  an a l l  o r  none type of response.  

This 

Measurement of se r ia l  gonadotrophin t i ters  were performed 
befo re  and fol lowing i r r a d i a t i o n :  (1) t o  determine the r a d i a t i o n  
dosage necessary t o  produce e l eva ted  gonadotrophins,  ( 2 )  t o  
determine t h e  t i m e  l a p s e  fol lowing i r r a d i a t i o n  before  e l eva ted  
gonadotrophin t i t e r s  occur ,  ( 3 )  t o  r e l a t e  t h e  degree and if 
p o s s i b l e  the  d u r a t i o n  of gonadotrophin e l e v a t i o n  t o  r a d i a t i o n  
dosage and (4)  t o  de te rmine  which of the  gonadotrophins [or 
if both)  FSH and/or ICSH (LH) w e r e  r e spons ib l e ,  

Our pre l iminary  d a t a  i n d i c a t e d  t h a t  u r i n a r y  I C S H  (LH) a c t i v i t y  
as determined by b ioassay  was not  s i g n i f i c a n t l y  increased  by 
t h e  r a d i a t i o n  dosage (7.5-400 r )  exployed i n  our s tudy .  These 
obse rva t ions  have been extended and a r e  d iscussed  elsewhere 
i n  t h i s  r e p o r t ,  Because of these  observa t ions  and because we 
wanted t o  e v a l u a t e  t h e  impact of d i s t u r b e d  spermatogenesis on 
gonadotrophin e x c r e t i o n ,  t h e  Steelman-Pohley b ioassay  method 
which measures p r i m a r i l y  FSH a c t i v i t y  h a s  been used i n s t e a d  of 
t h e  gene ra l  gonadotrophin assay  (GGA) t o  monitor gonadotrophin 
l e v e l s  s i n c e  1965. 

I n  view of t h e  r a t h e r  wide confidence l i m i t s  f o r  t h e  r e s u l t s  
ob ta ined  by b ioassay  t h e  c r i t e r i a  f o r  concluding t h a t  s i g n i f i c a n t  
i n c r e a s e s  i n  gonadotrophin t i ters  had occurred w e r e  e s t a b l i s h e d  
as follows: 

1. 

2. 

3 .  

The mean l e v e l  f o r  any p o s t - i r r a d i a t i o n  t i t e r  had 
t o  exceed 2 S.D. of the  c o n t r o l  p o p u l a t i o k  weighted 
mean t i t e r ,  

The mean l e v e l  f o r  any p o s t - i r r a d i a t i o n  t i t e r  of 
any g iven  i n d i v i d u a l  had t o  exceed 2 S.D. of h i s  
own c o n t r o l  gonadotrophin l e v e l .  This c r i t e r i o n  
was necessary  s i n c e  a f e w  i n d i v i d u a l s  e x h i b i t e d  
c o n t r o l  gonadotrophin t i t e rs  which w e r e  above our 
normal p o p u l a t i o n ' s  c o n t r o l  gonadotrophin t i t e r .  

The mean l e v e l s  of t w o  success ive  p o s t - i r r a d i a t i o n  
gonadotrophin assay  t i t e r s  had t o  f u l f i l l  bo th  of 
the  above c r i t e r i a  before an i n d i v i d u a l  was con- 
s i d e r e d  t o  have demonstrated a s i g n i f i c a n t  e l e v a t i o n  
i n  u r i n a r y  gonadotrophin exc re t ion .  
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Data w i t h  r e s p e c t  t o  u r i n a r y  FSH and GGA t i t e rs  from a l l  s u b j e c t s  
r ece iv ing  7.5-400 r a r e  presented  i n  the  following paragraphs.  
I n d i v i d u a l s  w i t h  i n s u f f i c i e n t  d a t a  a re  excluded f r o m  t h i s  r e p o r t .  

A. 400 r (Table 16) 

S ix  men w e r e  s t u d i e d  a t  t h i s  dose l e v e l .  Two w e r e  eva lua ted  by 
s e r i a l  u r i n a r y  FSH t i t e r s .  Each demonstrated e l eva ted  titers by 
26 and 46 days p o s t - i r r a d i a t i o n ,  r e s p e c t i v e l y .  Of t h e  f o u r  s t u d i e d  
by GGA a s says ,  t h r e e  e x h i b i t e d  s i g n i f i c a n t  e l e v a t i o n  i n  t i t e rs  
w i t h i n  60 days while t h e  f o u r t h  demonstrated increased  GGA t i t e rs  
somewhere  between 46 and 103 days p o s t - i r r a d i a t i o n .  

Once e l eva ted  t h e  FSH and GGA t i t e rs  remained inc reased  f o r  t h e  
d u r a t i o n  of our observa t ion  per iod .  I n  two s u b j e c t s  followed 
f o r  t h e  l o n g e s t  per iod  o u r  observa t ion  per iod  extended t o  452 and 
489 days p o s t - i r r a d i a t i o n .  It would appear then t h a t  e l e v a t e d  
gonadotrophin t i t e r s  would probably exceed 500 days p o s t - i r r a d i a t i o n  
when t h e  i n d i v i d u a l  w a s  exposed t o  400 r .  

B. 100 r (Table 1 7 )  

Twenty-five vo lun tee r s  have received 100 r t o  da t e .  Eighteen of 
t h i s  group have been followed f o r  a s u f f i c i e n t  per iod  of t i m e  t o  
allow i n t e r p r e t a t i o n  of t he i r  gonadotrophin t i t e rs .  
men demonstrated e l e v a t e d  FSH t i t e rs  while  f i v e  e x h i b i t e d  increased  
GGA t i ters.  FSH t i ters  became e l eva ted  somewhere between 13 and 
1 2 1  days p o s t - i r r a d i a t i o n -  

Thi r teen  

Although many o f  t h e  vo lun tee r s  l e f t  t he  program be fo re  t h e i r  
gonadotrophin t i t e rs  r e tu rned  t o  p r e - i r r a d i a t i o n  l e v e l s ,  i n  those  
men who could be followed long  enough c o n t r o l  gonadotrophin 
l e v e l s  w e r e  achieved between 202 and 642 days p o s t - i r r a d i a t i o n  

With r e s p e c t  t o  GGA t i t e r s  four  of f i v e  men s t u d i e d  demonstrated 
a r ise i n  t i t e r  by 30 t o  120 days which remained e l e v a t e d  f o r  248 
t o  440 days p o s t - i r r a d i a t i o n ,  

The s i n g l e  i n d i v i d u a l  who d i d  no t  e x h i b i t  increased  GGA t i t e rs  
was s t u d i e d  for 429 days. H i s  seminal f l u i d  became azoospermic 
a t  1311. days.  H i s  u r i n e  c o l l e c t i o n s  w e r e  r e l i a b l e  and he remained 
i n  good gene ra l  h e a l t h -  One reason fo r  h i s  f a i l u r e  t o  show a 
s i g n i f i c a n t  i n c r e a s e  i n  gonadotrophin e x c r e t i o n  in t h e  f a c e  of 
azoospermia is  no t  apparent"  

C. 50 r (Table 18) 

FSH t i t e r s  w e r e  measured s e r i a l l y  i n  f i v e  men who rece ived  50 r 
to t h e i r  testes; t h r e e  men who w e r e  i r r a d i a t e d  ear l ier  i n  our 
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s tudy  w e r e  examined by GGA assays .  
FSH assays a l l  showed an i n c r e a s e  by 54 t o  131  days post-  
i r r a d i a t i o n .  Control  FSH t i ters  appeared by t h e  216 and 301st 
day p o s t - i r r a d i a t i o n  i n  t h e  two men followed the  l o n g e s t  pe r iod  
o f  t i m e .  
have maintained e l eva ted  t i t e r s  up t o  the p r e s e n t  t i m e  which is 
174 days p o s t - i r r a d i a t i o n ,  

Two of the  t h r e e  inmates who w e r e  followed by GGA assays  
demonstrated a rise i n  t i t e r  by 42 and 106 days,  r e s p e c t i v e l y .  
The o the r  s u b j e c t  d i d  no t  e x h i b i t  an inc rease  i n  gonadotrophin 
e x c r e t i o n  d e s p i t e  t h e  development of azoospermia. 
aga in  p o i n t s  t o  t h e  f a c t  t h a t  t h e  GGA assay  is no t  as s e n s i t i v e  
an i n d i c a t o r  of damaged spermatogenesis as the  FSH assay  is. 

I n  t h e  group s t u d i e d  wi th  

The remaining t h r e e  men of t h i s  group (FSH assays)  

This observation 

D. 30 r (Table 19)  

A t  t h i s  dosage two vo lun tee r s  w e r e  s t u d i e d  by FSH assays  and t w o  
by GGA assays .  The t w o  men followed by FSH assays demonstrated 
a s i g n i f i c a n t  r ise  i n  t i t e r s  by 1 2 2  and 124 days and maintained 
t h i s  i n c r e a s e  f o r  a pe r iod  of t i m e  i n  excess  of 213 and 251 days 
p o s t - i r r a d i a t i o n ,  r e s p e c t i v e l y .  I n  t h e  "GGA group" there w a s  
no s i g n i f i c a n t  e l e v a t i o n  i n  t i t e rs  by 156 and 197 days post-  
i r r a d i a t i o n ,  

E ,  15  r (Table 20) 

A t o t a l  of e i g h t  men rece ived  15  r; s i x  w e r e  followed by FSK 
assays  and two w i t h  GGA. I n  the "FSH group'' one s u b j e c t  
demonstrated a rise i n  t i t e r  by 1 2 1  days wi th  a r e t u r n  t o  
c o n t r o l  t i ters  by 2 1 2  days p o s t - i r r a d i a t i o n .  The remaining 
men i n  t h i s  group w e r e  followed for per iods  of t i m e  varying 
between 163 t o  672 days p o s t - i r r a d i a t i o n  wi thout  e x h i b i t i n g  a 
s i g n i f i c a n t  rise i n  FSH titers. 

I n  t h e  "GGA group" one s u b j e c t  showed a r ise i n  t i ter  by 51 
days which remained e l e v a t e d  throughout t h e  337 days of observa t ion  
p o s t - i r r a d i a t i o n ,  The o t h e r  s u b j e c t  d i d  not  show an increased  
t i t e r  dur ing  t h e  142  days he w a s  s tud ied .  

F D  7 . 5  r (Table 21) 

A l l  s i x  vo lun tee r s  who rece ived  t h i s  dosage w e r e  s t u d i e d  wi th  
FSH assays.  None of t h i s  group demonstrated an i n c r e a s e  i n  FSH 
t i t e r s  which f u l f i l l e d  our p rev ious ly  mentioned c r i te r ia .  

G. Summary 

I n  Table 22 t h e  cumulative d a t a  w i t h . r e g a r d  t o  u r i n a r y  FSH t i t e r s  
are presented ,  The d a t a  are arranged according t o  t h e  r a d i a t i o n  
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TABLE 22: Urinary FSH T i t e r s  
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dose received and du ra t ion  i n  days p o s t - i r r a d i a t i o n .  The 
denominators i n d i c a t e  the number of subjects who were i r r a d i a t e d  
whi le  t he  numerators i n d i c a t e  the  number of men who demonstrated 
e l eva ted  FSH t i t e r s  by t h a t  po in t  i n  time, The time was not  
extended beyond 150 days s i n c e  none of t h e  men developed an 
i n i t i a l  e l e v a t i o n  i n  FSH t i t e r  l a t e r  than t h a t  t i m e .  

The time l apse  i n  "pos t - i r r ad ia t ion  days" fo r  increased  FSH 
t i t e r s  t o  appear is  roughly inverse ly  p ropor t iona l  t o  the x-ray 
dose received.  

With regard t o  t h e  du ra t ion  of e l eva ted  FSH titers no d e f i n i t i v e  
s ta tement  can be made a t  t h i s  t i m e .  However, it also appears  
t o  be dose- re la ted  s ince  a t  100 r FSH t i t e rs  w e r e  e l eva ted  longer  
than a t  50 r o r  30 r .  

H. Conclusions 

1. 1 5  r is t h e  lowest  r a d i a t i o n  dose t e s t e d  t h a t  produced 
enough damage t o  r e s u l t  i n  e leva ted  gonadotrophins.  

2, The time l a p s e  fol lowing i r r a d i a t i o n  €or gonadotrophin 
' e l e v a t i o n  t o  occur i s  r e l a t e d  t o  r a d i a t i o n  dosage i .e .  t h e  
higher  t he  dose t h e  e a r l i e r  t h e  e l e v a t i o n  i n  gonadotrophin 
occurs  

3 .  The dura t ion  of gonadotrophin e l e v a t i o n  is  r e l a t e d  t o  the  
r a d i a t i o n  dose i.e, t he  h igher  t h e  dose t h e  longer the  
gonadogrophins remained e leva ted .  

4. S p e c i f i c  FSH t i t e r s  were more o f t e n  e l eva ted  than GGA a t  
the  lower doses where germinal e p i t h e l i a l  d e s t r u c t i o n  
was less marked and, t h e r e f o r e ,  a r e  t h e  m o r e  s e n s i t i v e  
i n d i c a t o r  of spermatogenet ic  func t ion .  

5. The t i m e  l a p s e  fol lowing i r r a d i a t i o n  for gonadotrophin 
e l e v a t i o n  t o  occur i s  c o r r e l a t e d  wi th  the  t i m e  l a p s e  for 
a decrease i n  sperm count t o  occur.  

1 0 0 1 9 1 2  



-67- 

V I .  Bio logic  E f f e c t s  of X - r a y  I r r a d i a t i o n  on Leydiq-Cell Func t ion  

Animal d a t a  sugges ts  t h a t  the  Leydig c e l l s  of t he  t es t i s  a r e  
cons iderably  r a d i o - r e s i s t a n t .  I n  our s tudy  we have been 
eva lua t ing  Leydig c e l l  f u n c t i o n  t o  determine whether or n o t  
human Leydig ce l l  func t ion  remains u n a l t e r e d  when t h e  testes 
a r e  exposed t o  doses of x-ray which c l e a r l y  r e s u l t s  i n  denuding 
t h e  germinal ep i the l ium and azoospermia. 

With t h e  c o l l a b o r a t i o n  of D r .  Hortense Gandy a t  Corne l1  Medical 
Center ,  plasma testosterone (T) has been measured by a double 
i so tope  d e r i v a t i v e  technique.  Pre l iminary  d a t a  which have been 
submit ted i n  prev ious  progress  r e p o r t s  showed t h a t  both a 
s i g n i f i c a n t  d i u r n a l  and d a i l y  v a r i a t i o n  i n  plasma T e x i s t e d  p r i o r  
t o  i r r a d i a t i o n .  Despi te  t h i s  v a r i a t i o n  plasma T l e v e l s  would 
s t i l l  d i r e c t l y  r e f l e c t  Leydig-cel l  func t ion  and t e s t o s t e r o n e  
s e c r e t i o n  r a t e  s i n c e ,  i n  t h e  male, t e s t o s t e r o n e  eminates p r i m a r i l y  
from t h e  Leydig cel ls .  Furthermore, it is u n l i k e l y  t h a t  t h e r e  
would be any changes i n  t e s t o s t e r o n e  c l ea rance  r a t e  a s  a con- 
sequence of l o c a l  t es t icu lar  i r r a d i a t i o n ,  

T e s t i c u l a r  func t ion  h a s  been s tud ied  fol lowing exposure t o  x-ray 
doses  of 7.5 t o  400 r .  I n  seven men plasma T l e v e l s  w e r e  
measured a t  i n t e r v a l s  of 4 and 7 2  hours  and 2 weeks p o s t - i r r a d i a t i o n .  
N o  s i g n i f i c a n t  decrease  i n  plasma T t i t e r s  w a s  de t ec t ed  even a t  
the 400 r dose l e v e l  (Table 23). A l l  va lues ,  inc luding  those  
obta ined  dur ing  the  c o n t r o l  pe r iod ,  are shown i n  a sca t te rgram 
f o r  graphic  i l l u s t r a t i o n  (Fig-  2 9 ) .  Also see Tables 24 through 28- 

Since  a temporary decrease  i n  Leydig-cell  func t ion  could have 
been compensated f o r  by an inc rease  i n  p i t u i t a r y  ICSH (LH) 
r e l e a s e  wi th  subsequent r e t u r n  of normal t e s t o s t e r o n e  product ion,  
serum and u r i n e  LH t i t e r s  w e r e  examined following i r r a d i a t i o n .  

Ea r ly  i n  our  s tudy  u r i n a r y  LH e x c r e t i o n  t i t e r s  w e r e  measured by 
t h e  hypophysectomized male r a t  v e n t r a l  p r o s t a t e  method. The 
gonadotrophic potency of  u r i n a r y  e x t r a c t s  w a s  computed by 
p a r a l l e l  l i n e  a n a l y s i s  i n  t e r m s  of t h e  second i n t e r n a t i o n a l  
r e fe rence  p r e p a r a t i o n ,  
t h e  c o n t r o l  per iod  t h e  mean u r ina ry  LH l e v e l  was 6.8 I.U./24 
hour s ,  The upper l i m i t  (95% confidence l i m i t )  w a s  19.8 I . U . /  . 
24 hours ,  
monthly i n t e r v a l s  for up to 14 months. 
LH e x c r e t i o n  could be d e t e c t e d  (Table 24 and Figure 3 0 ) .  Since 
t h e  dose response s lope  for the  b ioassay  of LH i s  r a t h e r  f l a t ,  i.e. 
b = c i r c a  2 0 ,  our index of d i sc r imina t ion  is such t h a t  s m a l l  
changes i n  LH l e v e l s  might n o t  be de tec t ed .  

For our normal male popula t ion  during 

Following i r r a d i a t i o n  fou r t een  men w e r e  s t u d i e d  a t  
N o  i n c r e a s e  i n  u r i n a r y  

1001913 
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Figure 29. PLASMA TESTOSTERONE LEVELS 
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Figure 3 0 .  URINARY LH LEVELS 
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Table 28: Leydig C e l l  Func t ion  S t u d i e s  Following 7.5 r 

CONTROL 

S pe c imen 
RV LH Date 

Spec imen 
LH Date Day 

Date of 
Rad ia t ion  

76 6.8** 11/30/67 

Page 81 

10 5.55*'  11/16/64 9/8/65 None 

99 8.4** 

11/30/67 10. o** 
8.1 

12.9 ' I  

13.6 
8.8 It 

8.0 'I 

10.2 
12.3 
10.0 
7.5 

13.5 
9.6 
8.1 'I 

9.2 
10.7 'I 

6.4 I' 

8.0 
12.8 I' 

11.4 

POST IRRADIATION 

11/30/67 11/30/67 17.5 I'  

13.7 It 

6.4 I' 

9.4 
14.4 
12.0 " 

15.4 I' 

13.0 
14.2 I' 

11.4 
14.4 I t  

12/6/67 
12120167 
1/3 /68  
1/17/68 
1/31/68 
2/14/68 
2/28/68 
3 113168 
3 I1 716 8 
4/10/68 
412416 8 
5 /8 /68  
5/19/68 
6 /5 /68  
6/19/68 
7/3/68 
7/17/68 
713 116 8 
8/14/68 

1 mo* 

2 mos. 

3 mos. 

5 rnos. 

7 mos. 

8 mos. 

1216 I6 7 
12120167 
1 /3 /68  1 mo. 
1/17/68 
21  1416 8 
2/28/68 3 mos. 
3 12716 8 4 mos. 
4110168 
4/24/68 5 mos.  
5 /22/68 
6 11916 8 7% m o s  

6/19/68 6.8 I' 8/17/68 2 mos. 
15.0 8/31/68 

/ ' 8.7 9/ 1416 8 3 mos. 
10.5 9/28/68 
13.0 I' 12/ 1 /68  4 mos, 

8.3 12/1/68 

141 None 

* I.U./24 hrs. 
** mI.U./ml 
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Therefore ,  t h e  more p r e c i s e  radioimmunoassay method f o r  measuring 
serum LH l e v e l s  was e s t a b l i s h e d  i n  our laboratory.  This technique 
i s  based on the  method of Morgan a s  modified f o r  LH de te rmina t ions  
by Midgley. The Second I n t e r n a t i o n a l  Reference p repa ra t ion  was 
a l s o  used a s  our s tandard  f o r  t h i s  procedure.  Our normal range 
f o r  p r e - i r r a d i a t i o n  serum LH l e v e l s  was determined from va lues  
obta ined  i n  70 normal a d u l t  males. T h e  range i s  4 t o  1 9  mI.U./ 
m l  w i th  a mean of 10.3 m . I . U . / m l .  
measurement w e r e  ob ta ined  before  i n  m o s t  p a t i e n t s  and a t  2-week 
i n t e r v a l s  fol lowing i r r a d i a t i o n  up t o  8 months. 

Serum specimens f o r  LH 

I t  was no t  p o s s i b l e  t o  ob ta in  c o n t r o l  s e r a  i n  a l l  i n s t a n c e s  and 
p o s t - i r r a d i a t i o n  s e r a  from the  vo lun tee r s  a t  t he  h igh  r a d i a t i o n  
doses because some of t h e  vo lun tee r s  began t h e i r  exposure schedule  
p r i o r  t o  t h e  a v a i l a b i l i t y  of LH radioimmunoassay method. There- 
f o r e ,  t h e  f i f t e e n  men wi th  c o n t r o l  va lues  served a s  our inmate 
c o n t r o l s  for doses  of x-ray ranging from 7.5 t o  50 r .  

When a l l  t he  p o s t - i r r a d i a t i o n  serum LH va lues  a r e  g r a p h i c a l l y  
d isp layed  (Fig.  31) f o r  r a d i a t i o n  dosage adminis tered it becomes 
c l e a r  t h a t  a s m a l l  b u t  g radual  i nc rease  i n  mean LH t i t e r  occurs  
a t  each increment i n  x-ray dosage from 7 . 5  t o  50 r. A t  1 5  r 
t h e  i n c r e a s e  i n  LH l e v e l s  was noted during the 1 0 t h  through t h e  
20th week p o s t - i r r a d i a t i o n .  A t  50 r t h e  inc rease  was noted 
between t h e  7 t h  and 35th weeks. I n  three men a t  t h i s  dose l e v e l  
where s e r i a l  l e v e l s  w e r e  a v a i l a b l e  inc luding  c o n t r o l  va lues ,  
t h e  mean increase i n  LH t i t e rs  va r i ed  f r o m  2 6  t o  230 pe r  c e n t  
above b a s a l  c o n t r o l  l e v e l s  beginning a t  t he  7 th  p o s t - i r r a d i a t i o n  
week Measurements of plasma t e s t o s t e r o n e  from samples obta ined  
dur ing  t h i s  longer  p o s t - i r r a d i a t i o n  pe r iod  have n o t  been completed 
as y e t ,  

I n  summary then  our pre l iminary  s tudy  of  Leydig-cell  func t ion  
fol lowing graded doses  of x-ray i r r a d i a t i o n  t o  t h e  human testis 
i n d i c a t e s  t h a t  p r i o r  t o  seven weeks no changes occur .  However, 
a f t e r  seven weeks fol lowing 50 r a smal l  r ise i n  s e r u m  LH t i t e r  
i s  d e t e c t a b l e  sugges t ing  t h a t  Leydig ce l l  func t ion  has  been 
compromised, The e l e v a t i o n  i n  serum LH l e v e l s  then  r e p r e s e n t s  
a compensatory inc rease  presumably t o  restore testosterone l e v e l s  
t o  normal. 

IO0 I 9 8 8  
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VII. Immunoloqic S t u d i e s  

This a spec t  of our p r o j e c t  is being s t u d i e d  i n  c o l l a b o r a t i o n  
wi th  D r ,  William Clarke and h i s  group a t  B a t t e l l e  Memorial 
I n s t i t u t e  i n  Hanford. Animal and human experiments have 
c l e a r l y  demonstrated t h a t  the  germinal ep i the l ium i s  a n t i g e n i c .  
Previous d a t a  from our l abora to ry  have shown t h a t  sperm 
c o u n t s  decrease  fol lowing a t e s t i c u l a r  biopsy. This  decrease  
is  temporary i n  na tu re  and a f f e c t s  approximately 40 per  c e n t  
o f  i n d i v i d u a l s  sub jec t ed  t o  a u n i l a t e r a l  t e s t i cu la r  biopsy. 
W e  proposed t h a t  t h e  a l t e r a t i o n  i n  spermatogenesis w a s  
caused by an induced ant igen-ant ibody r e a c t i o n .  I n  order  
t o  tes t  t h i s  hypothes is  f u r t h e r  a d d i t i o n a l  experiments were 
designed t o  see whether or not  an t ibod ie s  could be de tec t ed  
fol lowing x-ray i r r a d i a t i o n  and u n i l a t e r a l  t e s t i c u l a r  biopsy. 

Techniques f o r  (1) producing so lub le  an t igen  from human 
sperm, ( 2 )  producing rabbit anti-human-sperm a n t i b o d i e s  
and q u a n t i t a t i n g  serum sperm a n t i b o d i e s  us ing  t h e  Ouchter- 
lony  p l a t e s  and f l u o r e s c e n t  s t a i n e d  ant ibody methods. I 

The f l u o r e s c e n t  s t a i n e d  ant ibody method which we used i s  
descr ibed  i n  t h e  fol lowing sentences .  Sperm from non- 
t r e a t e d  or c o n t r o l  s u b j e c t s  is washed t h r e e  t i m e s  w i th  0.5 
per  c e n t  phosphate b u f f e r  s o l u t i o n  and suspended i n  the  
bu f fe red  s o l u t i o n  a t  a concen t r a t ion  of 20 m i l l i o n  sperm 
pe r  mP, Two drops 0f t h e  sperm suspension is  then  incubated 
wi th  t w o  drops of a t r e a t e d  s u b j e c t ' s  serum a t  37O'for 45 
minutes.  Following t h i s  t h e  sperm a r e  washed t h r e e  t i m e s  
w i th  phosphate bu f fe red  s o l u t i o n  and two drops of r a b b i t  
anti-human g l o b u l i n  a n t i s e r a  a r e  added and incubated a s  
above, The t r e a t e d  sperm a r e  then washed t h r e e  t i m e s  w i th  
t h e  phosphate bu f fe red  s o l u t i o n  and t w o  drops of sheep a n t i -  
rabbit  f l u o r e s c e i n  conjugated a n t i s e r a  ( d i l u t e d  l:5) a r e  
added and incubated for 45 minutes a t  37O. Following t h i s  
incubat ion  t h e  sperm are washed t h r e e  t i m e s  wi th  phosphate 
b u f f e r  s o l u t i o n  and then  spun dry .  The sperm a r e  resuspended 
i n  one drop of  a 90 per  c e n t  g l y c e r o l  s o l u t i o n .  This f i n a l  
suspension i s  placed on a g l a s s  s l i d e  and covered wi th  a 
cover s l i p .  This p repa ra t ion  is  then immediately viewed 
under t h e  u l t r a v i o l e t  microscope and eva lua ted  f o r  f luorescence .  
For comparison and c o n t r o l  of t h e  procedure a p rev ious ly  
determined t r e a t e d  p a t i e n t ' s  serum known t o  be p o s i t i v e  and 
an u n t r e a t e d  p a t i e n t ' s  serum are viewed wi th  each ' 'run". 
The l i g h t  on t h e  W microscope is ad jus t ed  so t h a t  t h e  
" p o s i t i v e "  serum is uniformaly f l u o r e s c e n t  and t h e  "negat ive" 
serum is without  f luorescence ,  The unknown sera a r e  then 
graded i n  the following manner: 0 = no f1uorescence : l  -+ = 
equivoca l  f luorescence  as judged. by t w o  independent observers :  
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2 + = d e f i n i t e  f luorescence  a s  agreed by two independent 
observers .  

F igures  3 2  through 34 l i s t e d  our r e s u l t s  t o  d a t e .  I n  a d d i t i o n  
t o  t h e  f luo rescen t  s t u d i e s ,  observa t ions  were made as t o  sperm 
concen t r a t ion  i n  t h e  f r e s h  seminal f l u i d  a s  w e l l  as m o t i l i t y  
and pe r  c e n t  v i a b l e  sperm. The experimental  groups w e r e  
d iv ided  i n t o  c o n t r o l s ,  biopsy only  and exposure t o  100 r .  Each 
man i n  t h e  l a t t e r  two groups had never rece ived  x-ray nor 
had been b iops i ed .  

None of t h e  c o n t r o l  men's sperm became f l u o r e s c e n t .  RV 160 
exh ib i t ed  a decrease i n  sperm count ,  b i z a r r e  sperm morphology 
and necrospermia f o r  t w o  weeks. The explana t ion  for t h i s  
temporary a l t e r a t i o n  i n  h i s  spermatogenesis i s  n o t  c l e a r .  
H e  remained free of f e b r i l e  i l l n e s s e s ,  e tc .  Each of  t he  men 
exposed t o  100 r demonstrated a f luorescence  r e a c t i o n  when 
t h e i r  s e r a  w e r e  incubated wi th  normal sperm. One of t h e  four  
men b iops i ed  a l s o  demonstrated a p o s i t i v e  f l u o r e s c e n t  r e a c t i o n .  

Therefore ,  our pre l iminary  s t u d i e s  i n d i c a t e  t h a t  t h e  per- 
formance of a t e s t i c u l a r  b iopsy ,  as w e l l  as exposure t o  x-ray 
i r r a d i a t i o n ,  i n i t i a t e s  an antigen-antibody r e a c t i o n .  The 
r e s u l t s  w i t h  t h e  Ouchterlony p l a t e  system have been nega t ive  
t o  da te .  This i s  probably due t o  t h e  lesser s e n s i t i v i t y  of  
t h i s  system. E f f o r t s  are now underway wi th  s o l u b l e  sperm 
an t igen  prepared  from "pressed" sperm t o  quantitate our 
results i n  a more p r e c i s e  fash ion .  
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Fig .  34. Immunologic s t u d i c s  f o l l o w i n g  100 1: t o  thc t e s t i s  
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VI11 T r a i n e e s  

The fol lowing pos tdoc to ra l  t r a i n e e s  have worked on var ious  
a s p e c t s  of t h i s  program dur ing  the  per iod 1963-69. Although 
t h e i r  s t i p e n d s  w e r e  no t  d i r e c t l y  supported by t h i s  c o n t r a c t ,  
t h e  work c a r r i e d  on by t h e  c o n t r a c t  con t r ibu ted  heav i ly  t o  
t h e i r  t r a i n i n g .  Conversely,  they provided valuable pro- 
f e s s i o n a l  e x p e r t i s e  t o  t h e  conduct of  our work. 

A l s o ,  Todd Thorslund ( A s s i s t a n t  P ro fes so r ,  U n i v e r s i t y  of 
Washington C e n t e r  f o r  Q u a n t i t a t i v e  S c i e n c e ) ,  who i s  c u r r e n t l y  
r ece iv ing  suppor t  under t h i s  c o n t r a c t ,  w a s  i n i t i a l l y  t r a i n e d  
i n  our  l a b o r a t o r i e s  and performed much d a t a  a n a l y s i s  f o r  
th i s  program whi le  a graduate  s t u d e n t  i n  t h e  Department of 
B i o s t a t i s t i c s  a t  Johns Hopkins. 

Adelina de Souza Matsui,  M.D. ,  1962-64, Associate  Professor  
Of  Pharmacology, Un ive r s i ty  of Hawaii Medical School,  Honolulu,  
Hawaii 

Donald L. Gordon, M.D.,  1963-65, A s s i s t a n t  Professor  of  
Medicine, The Chicago Medical School,  M t .  S i n a i  Hosp i t a l  
Medical C e n t e r ,  Chicago, I l l i n o i s  

Arnold B. Bar r ,  M.D. ,  1963-65, Associate  Chief ,  Medical 
Se rv ice ,  WSPHS H o s p i t a l ,  S t a t e n  I s l a n d ,  New York 

George R e  H a l l i n g ,  M.D., 1964-66, i n  p r i v a t e  p r a c t i c e  
( I n t e r n a l  Medicine) Santa  Barbara,  C a l i f o r n i a  

Edward L. Michals,  M.D. ,  1965-67, A s s i s t a n t  Chief of Research, 
USPHS H o s p i t a l ,  New Or leans ,  Louis iana 

Richard W .  Carpenter ,  M.D. ,  1966-67, C l i n i c a l  I n s t r u c t o r  of 
Medicine, Un ive r s i ty  of Kentucky Medical C e n t e r ,  Lexington, 
Kentucky 

Stephen P.  Swersie ,  M.D., 1966-68, A s s i s t a n t  Chief of 
Medicine(Endocrinology), WSPHS H o s p i t a l ,  Boston, Massachusetts.  

Freder ick  N a f t o l i n ,  M.D. 1966-68, Fellow, Department of 
Human Anatomy, Un ive r s i ty  of Oxford, Oxford, England. 

Duane H. Espeland, M.D.,  1967-69, C u r r e n t  Fellow. ( e f f e c t i v e  
7/1/69, I n s t r u c t o r  in Medicine, Un ive r s i ty  of Washington 
School of Medicine, S e a t t l e ,  Washington) 

Richard J. She r ins ,  M . D . ,  1967-69, Current  Fellow, ( e f f e c t i v e  
7/1/69, Fellow, Nat iona l  Cancer I n s t i t u t e ,  Bethesda, Maryland) 
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John M. Leonard, M.D., 1968-70, Current Fellow. 

Glenn A. Patchen, M.D.. 1968-, Current Fellow. 

IX. Deqrees Awarded 

Kenneth Swinth received his M.S. degree from the University 
of Washington in 1964, while working on our project. His 
thesis, "The Design, Shielding and Preliminary Dosimetry 
for a Neutron Irradiation Facility to Study Spermato- 
genesis in Man'', was included as an addendum to our 1966 
comprehensive report. 

Arnold Barr received a M.Sc. in 1967 from McGill University 
working under the mentorship of Yves Clermont. Material for 
his master Is thesis, "Human Spermatogenesis", w a s  derived 
from specimens obtained for this contract. 

X. RLO Series 

AEC support has been directly involved in each of the 
publications and presentations listed below, although 
some are not a part of the AEC contract program. For 
example, establishment of the chromosome laboratory 
enabled us to study other aspects of reproductive 
physiologyo Likewise, establishment of the radio- 
immunoassay and subsequent purchase of the gamma counter 
allowed us to utilize radioimmunoassay in other e'ndocrine 
studies as well as in studies directly supported by this 
contract. Therefore, appropriate credit has been given to 
the contract for each of the following: 

RLO-1781-1 The Determination of Size and Concentration 
Of Human Sperm with an Electronic Particle Counter. D.L. 
Gordon, D . J .  Moore, T. Thorslund and C.A. Paulsen. The 
Journal of Laboratory and Clinical Medicine, March 1965. 

RLO-1781-2 Testicular Biopsy in Man. I. Effect upon Sperm 
Concentration. D.E. Gordon, Arnold B, Barr, J.E. Herrigel, 
C.A. Baulsen. Fertility and Sterility, July 1965. 

RLO-1781-3 Effect of X-Irradiation of testis on Plasma 
Testosterone in Normal Male Volunteers (abstract). C.A. 
Paulsen, D.L. Gordon, G.R.  Halling, A. Barr and H.M. 
Gandy. Submitted but not presented, Second International 
Congress on Hormonal Steroids, Milan, Italy, May 1966. 
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RLO-1781-4 The E f f e c t s  of X-Ray I r r a d i a t i o n  
(abs t rac t ) .  C.A. Pauls-n. Soc ie ty  for the S 
Cambridge, England, J u l y  1966. 

on the Human T e s t i s  
.udy of  F e r t i l i t y ,  

RLO-1781-5 Eff icacy  Of C o u l t e r  Counter i n  Determining Low 
Sperm Concentrat ions.  D.L. Gordon, J . E .  Herr igel ,  D . J .  Moore, 
C.A.  Paulsen. American Journa l  of C l i n i c a l  Pathology, January 
1967. 

RLO-1781-6 Third Y e a r  Comprehensive Progress  Report ,  Contract  
AT(45-1)-1781 March, 1966. 

RLO-1781-7 Premature Menopause XO/XX/XXX/xXXXX Mosaicism. 
D - L .  Gordon, C.A. Paulsen. American Journa l  of Obstetrics and 
Gynecology, January 1967. 

RLO-1781-8 K l i n e f e l t e r  ‘ s  Syndrome and Its Variants :  A Hormonal 
and Chromosomal Study. C.A. Paulsen ,  D.L.  Gordon, Richard W. 
Carpenter ,  H.M. Gandy, W.D. Drucker. Recent Progress  i n  Hormone 
Research, Vol. 2 4 ,  1968. 

RLO-1781-9 
D.H. Espeland, F. Naf to l in ,  C.A. Pau l sen .  Gonadotropins 1968, 
ed .  E. Rosemberg,Geron-x, 1968. 

Metabolism of Labelled 12’I-HCG by t h e  Rat Ovary. 

RLO-1781-10 Comprehensive Progress Report, A p r i l  1969. 


