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h!Ahlhl.AUAS GAh!ETOGESESIS A S D  SPECES C0h:PARISOSS IS RADIATIOS RLSPOh'SE OF THf 
Primordial  €ern  cells h a v e  an  ektra-g\>nadal  o::&;r, and migrate  I O  the genital  ridge Cllly ul COSADS. 

embryonic  deve lopmen t .  A f t c r  a seria o f  mitore .  t h r )  iransfcrm i n to  oocytes  in the  f ema le  and into 
rype A s p c r m a i o p n i a  in rbe m a l e .  

of the oocyte is a r rc r i rd  in drploicnc cf meiori' picphase. 
d ip lo t ene  varier g rea t ly  he tween  s p e c i u ,  and i s  ap  impcnani  factor ir, species d i f f e r c n c u  in Ovar ian  
radiar ion ruponrc. In adulrr  of a11 m a n m a ~ r .  the radiat ion re!?onse of the o v a r y  involves a fixed poprilltion 
of primary oocytes. Oogonia are absent; any I m  from the oocyte pool cannot be replaced.  Type  A 
i p e r m a t o g ~ n i r  pcn i s r  tliruu&hob: t h e  rc?rddJci ive life ' F a ?  of the  male. ar.d a comple t e  array of gametogen ic  
stages is present i n  the adul t .  Rrdiat ion rerirrance r f  rperrnar.ds and sperm results in an  ini t ia l  period @f 
pos t - inad la t io r  k r i i l i t y :  destruct ion of s p e r n a ~ u f n a i a  a d  pos:;bly s,?e:ca[ccyrer leads ro 0llgospcrmlA with 
doses of reveral hundred R: [erriliry e v e n t u a l l y  reti.rx cwms t o  r epop la r ion  of !Le seminiferous epi thel ium 
' Tlie d:ffcrent radia:io: res?cn%c of maler and females therefore  

In f t rna les .  tlne total s ~ p p : y  of rerm cells is  present e i ther  before or thon ly  after birth; development  
The nuclear cha rac re r~s t i c s  of the  ' a r ru t ed '  

f e u  surviving lype  A spermriogcr . ia .  
attributed to  basic  differences M SametoSencrir and tt,e airaj. cf  germ ce l l  stager p r u e n f  in the 

,onid.  A radiat ion rcspo~l!e t ) p i c a l  lor a11 ~ 2 1 ~ s  d h  OCCLI! IC n 3 n .  Hobever. exact c o m p a r w n  of 
r rd i a i iun  ScrUitiVity In man  and c x p c r i m e n r ~ l  .i.:ma!! ,I r,,'i p s i b l e  ouirg to d i f f c rcncu  in the control Of 
rpermatn&onial differcnriat icn wll ich rei,lir i n  s p c i e s  d ; : f e i c r ~ e s  in b i l l  in ir la i  deplet ion and rubrequenr 
recovery of the rpermaiogonial population. 

INTRODUCTION 

Our understonding o f  the radiation response of the gonods i s  dependent on 
our knowledge of the origin o f  the germ cells, their development during uterine 
and pre-pubertal l i fe, ond gometogenesis i n  the odult. Wherever possible, our 
meoger doto on mon hove been included; but  for the most port, the formulotion of 
boric principles of normal gometogenesis, and erpeciolly of radiotion response, 
hos been b a e d  on dotu on experimentol onimols . 

The most striking difference i n  gometogenesis in  rnommolr i s  h o t  which 
occurs between the sexes. In the mole, stem cells (spermotogonio) and continued 
fo rmt ion  o f  moture gometer occur throughout the reproductive life-span; whereas 
inthe femole, the definit ive supply of oocytes i s  i o r m d  either before or shortly 
ofter birth. Oogonio ore not present i n  the odult ovory. As o result of these 
fundomcntol differences in gametogenesis, the radiation response o f  moles d i f f en  
greotly from that of the fernole. 

. 
torpoiat ion.  
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Migration of primordiol germ cells from on extrogonodal origin to the 
gerrninol ridges was f i n t  observed in humon e d r y o s  [ I  3 .  Loter, Chiquoine n] 
demonstrated selective olkaline phosphate positive staining of the primordial germ 
cells of the mouse, ond by this technique was oble to troce their miaratim from 
their origin in the region of the coudol end of the primitive streak, root of the 
allantoic mesoderm, and yolk soc splanchnopleure in the 8-doy mouw embryo, 
to the gerrninol ridges of the 12-doy embryo. The demonstrotion b y  Mintz 133 
thot steri l i ty ond reduced fert i l i ty ossocioted with ccrtoin genotypes o f  the mouse 
con be correloted with o reduced number o f  primordiol germ cells is conclusive 
evidence that these ore thertem cells o f  the definit ive gametes. Oocyte counts 
i n  rdt embryos hove led to the some conclusion [ 4 ] .  Mi to t i c  division occurs both 
during migrotion of the primordial germ cells and in the germinal ridge. Primordiol 
germ cells tronsform directly into oocytes in the female 13-61. In moles, they 
give rise to type A spermotogonio soon after birth in therot [7], ond b y  10 yean 
in man [a] .  Although Chorny et  0 1 .  [a ]  did not use the precise system o f  ce l l  
classification given b y  Clermont [ 9 ] ,  their dota indicate that the bosic developmental 
pottern observed i n  other mammols olso occurs in  mon. 

Adult mole 

Our understonding of normol sperrnotogenesis has advanced markedly in 
recent yeors owing to the accurote identif icotion of borh cells ond developmentol 
sequences made possibly by the periodic ocid-Schyff technique (9, 10, 11 3 .  In 
rodenk, stoges of the cycle of the seminiferous epithelium occupy relatively lorgc 
oreos of the tubule, ond a given tubule cross section usually shows o single stoge. 
In rnon, however, an overoge of three different stoger appears in o single cross 
section, ond while onolpis of the cycle of the seminiferous epithelium i s  therefore 
kery dif f icult ,  i t  has been shown to be fundamentally the some as thot observed 
in  other species [ 1 2 > .  

Type Aspcrrnatogonio ore the stern cells of the mommalion testis. By the 
process of stem cel l  renewol, the type A populotion moin:oins o steody state while 
giving rise to on unlimited number of difierentioted spermotogoniol types, which 
develop into sperm. The following brief description for the mouse i s  sirnilor to thot 
of Clerrnont [9] for the rot, and though species differences occur, the same basic 
process hor been observed in guinea pigs, r o n k e y ,  ond mon. Four divisions of 
type A sperrnotogonio occur [13] . At the mnclusion o f  the fourth division, mst  
cells trcnsform into intermediate spermatogonio, wi th  rnorphologicol choractcristics 
intermediote between those of type 4 ond type 8.  The intermediate spermotogonio 
divide to form spermatogonia of type 6, which i n  tbrn d iv ide to form resting pcimory 
spermatocytes. A few type A spermotogonio fo i l  t o  dif ferentiott ,  and form the 
stem cells for the next multiplicotive cycle. In the mouse ond rot, either four 
or five ce l l  generations, depending on stoge of the cycle o f  the seminiferous 
epithelium, occur in  o given tubule section. Both the cel lvlar oisociotion and 
number of c e l l ~  ore chorocteristic for eoch stage of the cycle; thus qumt i to t ion 
of rodiation response of specific ce l l  types i s  possible. The obove model needs to 
be modified only slightly for man, where two types  of type A cells occur, A dark 
(Ad), ond A pole (Ap) [12!. Ad sperrnotogonio differentiote into Ap, ond Ap 
divide to form spermatogonia B .  From there the process i s  similar, wi th  



perm;ogenesir involving changes leading to development of chorocteristic sperm 
norphology of eoch species. 

lppean to  b e  o biological constont for each species, ond is unoffccted by rodiotion 
i141 or hormone levels 115, 161 even though both of these procedures con result 
in severe depletion of the  seminiferous epithelium. Estimotes o f  the dumtion of 
ipermotogencsir ore about 35 doys in the mouse [ 1 7 1  49 doys in the rom 083, 48 
da)n in the rat  [IP], and 72-74 doyr in man [16]. These estimates, together 
with information on the dynamics of cell populotions ond relotive frequency of 
stages of the  cycle of the seminiferous epithelium, moke possible the a h l o t i o n  
of the life-spon of coch cell type.  Such colculotion:, os given for mouse ond 
man in  Table I, ore involuoble in studying the rodiotion response of specific cell 
t y p e s ,  ond in comparing the radiation response of different species. 

The time required for type A sperrnatogonio to develop into rpermotozw 

Adult females 

The most distincfive feature of oogenesis in mornrnols is the obrence of stem 
cells (oogonia) from the  d u l t  ovory [23]. Al l  oogonia e n t e r  meiosis either before 
or shortly ofter birth, bnd usually develop os for os diplotene.  Nucleor morphology 
of the diplotene stage o f  the "onerted" oocyte, however, varies widely between 
>pccies; a "typicol" diplotene is characteristic of the human, goot, ond dog; 0 
synizesis- l i k e  diplotene i s  choracterirtic of the guineo pig; and a diffuse,  
interphase-like diplotene (diclyote) i s  present in mouse and rot pl 3. In 011 species, 
the chromosomes become diffuse ond oxyphilic during growth of t h e  foll icle,  ond 
probably ore in a lornpbrush s tage.  T h e  first meiotic divijion occurs in the ovary; 
ov..'-+ion occurs about 6 h loter with the chromosomes i n  rnetophose of the second 
r division [22, 231. 

Since the f e m l e  has o fixed pool of oocytes er!oblished eorly in life, it 
would be expected thot the number of oocytes would decrease with age ow>ng to 
follicular atresio ond ovulciion. 
ond constitutes o cogent argument ogoinst formation of oocytes in the odult rnarnmolion 
ovory [ 2 4 : .  Furthermore, in the mouse, DNA synthesis typicol of preleptotene 
occurs only in utero [ 2 6 ,  271, and oocpes  lobeled in utero persist i n  the odult ovory 
(271. Finolly, genetic foctors which reduce fertility olso reduce the number of 
primordial germ cells in the enbryonic goncd :3]. Ar c result of  the obove 
observations, the direct  relotionship betdeen primordial ond definitive germ cells 
i s  now firmly established. 

This decrease has indeed been obe rved  0 4 ,  25: 

RADIATION RESPONSE 

Femoles 

The rodiotion response of the cdult ovory, therefore, wi l l  be  limited to 
diplotene and Ioter meiotic 5toges in the odult; inodiotion during embryonic, fetol, 
ond neonofol development will have to be used in study of stages f rom pcimordiol 
germ cells through pochytene. Whereas oll  female  germ cells go through o similor 
developmentol process, the correlotion of germ cell  stage with post-conception oge, 
3ynchrony of the cell population, ond stoge ot which oocyte development is 
orrested vary b e w e e n  species; thus, even though specific cells may hove o sirnilor 
rodiotian response wherever they occur, lorge species differences in rodiotion 
response of the ovory ore to be expected. 
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, h the mouse, SO R of x-roys reduces the number of litters to four per femole, 

w i th  permanent steri l i ty t k reo f te r  [28]. This can be ottributed to k i l l i ng  of the 
small oocytes, and rubsequent failure to reploce the older, more resistant stages 
as they mature and ore ovulated i29, 301. A similar response i s  observed i n  the 
rot 131 1 , but higher doses ore required to produce comporoble effects. The response 
in guinco pigs i s  quite different, however, and o comparison of rurvivol of early 
ond late follicle stages i n  mice and guinea pigs i s  given i n  Toble 11. In tk guinea 
pig, small oocytes ore resistont ond growing oocytes sensitive, which i s  the revene 
situation of that in h e  mouse. AS a result, fertiI;ty of guineo pigs i s  unaffected 
b y  ocute x-ray exposures of several hundred R. Likewise, fert i l i ty of dogs i s  norm1 
after 300 R x-ray exposures 1322, ro5bit.l show fert i l i ty for o consideroble time 
ofter irrodiotion (331, and women have conceived a yeor or more ofter exposures Of  

300-400 R, w i th  presumed normal fert i l i ty thereafter 134, 3.5). 

w e l l  unden tod ,  but norm01 reproductive life-;pon, normal rote of oocyte depletion, 
frequency distribution of oocyte stage; wi th  different rodiation sensitivity, ond 
nucleor choracterirtics of the "orresled" oocyte a l l  probably ore important foctorr . 
Differences between species i n  nuclear cytology of the oocyte have been observed 
[21 3, and though we do not underrtond the boric mechanisms involved, o correlation 
exists between chrorosome oppeoronce and rodiotion response. 
to  ce l l -k i l l ing i s  o chorocteristic of the dictyote nuclei of mouse and rot, which makes 
there species poot models for genemlizotions on odult ovarian rodiotion response in  
other mammals. However, periods of high sensitivity moy occur during prenotol or 
neonatol development i n  species whe:e the odult ovory i s  relotively resistont, ond 
extreme caution should be uied in  icodiation exposure ot this t;me. The mosr 
irnportont fact i s  thot the ovories of different specie: show widely divergent rodiotion 
response. 

. The reasons for species differences in fert i l i ty of irrodioted females are not 

High sensitivity 

M a  I er 

Recent advances i n  our undentonding of the normol dynomics of 
tpc:motagenesir has mode porcible the evolu3t;on of the cellulor responses i n  borh 
depletion and regntrotion of the seminiferocr epithelium. Spermatids show no 
morpholagicol 01 gross function01 damage (seqs;tivity to genetic domoge i s  fair ly 
high, however) even ofter doses of 1000 R or more, complete spermiogenesis, and 
give rise to the period of initial fertI1;ty following doses of severol hundred R [36;. 
After irradiation, the frequency of cells degeqersting during meiotic division, and the 
frequency of bridges ond frogmentr ot onophore ore increosed. The result i s  depletion 
in the number of sperrrutids formed, ond on increose i n  the proportion of spermatids 
with various degrees of heteroploidy. A mcosure of comparotive sensitivity o f  
different meiotic prophose rtoges to degeneration during meiotic division i s  shown 
in Toble Ill ,  and vories from an LD 
diakinesis-metophase 1. frequency of cbnamal onaphases resulting from chromosome 
breokagc, tmnslocation, and formation of ocentric frogmcnts also are given in 
Toble 11. The mnking of sensitivities i s  olmost the reverse of tnot for degenerotion, 
wi th  diokinesis-metophase I most sensitive and leptotene least sensitive. k o 
result of degeneration and gross chromosomal obnormolity, cmtribution o f  spermatocytes 
to past-irradiotion gamete production i s  dose-dependent . 
comparison to reproductive l i fe-spn,  spermtogonio ore the most important cells in  
rodiotion raponre of the mammalian testis. K i l l i ng  of differcntioting spermtogonio 
leads to m t u r o t i o n  depletion o f  the testis, azoospermia, and the temporary period 

o f  205 R for preleptotene to 837 R for 
50 

. 
Since spermotocytes ond spermtids have o relatively short duration in 
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of in fer t i l i ty  chorocteristic of moles given a single rodiotion exposure. A few 
type A spermatogonia survive, however, ond repopulotc the seminiferous epithelium 
[37]. Depletion and recovery of apparently normal type A s p r m t o g o o i o  in the 
mouse are shown for a wide ronge of dosn i n  Fig. 1 . The time of moxirmm depression 1 

of c e l l  numberr i s  dose-dependent owing to init iot ion of division among surviving 
cells before the process of ce l l  dcgencroi;on h a s  been complcttd. The interaction 
of these two processes i s  choracterirtic for eoch dose, and there i s  no opt inum time 
for comporing the effects of all the doses given. As would be expected, recovery 

i s  more ropid after low doses, but o significont increase in the rptrmatogoniol 
populotion has occurred by 10 doys even after 600 R.  Eventuolly, the entire omoy 
of spermatogenic cel ls i s  regeneroted . 
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Humon testis 

In mon, the Ad spermtogonio ore thought to be the stem cells o f  the 
seminiferoui epithelium [ 12, 161 . Rodiotion response of the Ad spennotogonia to 
locol x-my exposure of the testis, os measured by number of norm1 celfs, i s  shown 
in Fig. 2 .  (These doto ore based on slides provided by Dr. Carl G. Heller, Pacific 
Northwest Research Fwndotion, Seottle, 

subsequent recovery observed in  .experimental on;mols  oko occurs i n  mon. There 
ore some important differences, however. 

i s  p r i m r i l y  the result of cel l  k i l l i ng  [38:, whereos both ce l l  k i l l ing ond 
differentiotion into m r e  rmture cel l  type; oppeor to  be importopt i n  man. Cell .. 
k i l l i ng  resulh i n  the init ial  ropid decreo\e ;n the spermotogonial populotia? i n  mn,  
but the groduol decline which continues unt i l  90 doyr or more i s  the result of both 
ce l l  death and spermotogoniol differentiation. 

seminiferous epithelium olro i s  much slower in man thon in the mouse.  Comporoble 
doto for type A spermotogonio ofter 300 R in the mouse also ore included in Fig. 2 
for eaie of comporison, The difference i s  greoter thon uould be e x p e c t 4  on the 
bosis of durotion of spermatogenesis, for the time required in  nun i s  only 72 dayr 
cornpored with 35 doys i n  the mouse. Obviously, other focton ore responsible, 

Woshingron .) The init IaI depletion ond 

Rodiotion-indJced depletion of the spt:rratogoniol population of the mouse 

k demanstroted by o compar;son of Figs. 1 and 2,  repopulotion OF the 
, 
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cornprison of  the doses re3birel far c o - x * z t l e  depression cf spermatogonia 
in  m u s e  ond mon suggests thot mcn ;I  !!-.e r 3 r e  s e - s i t ; \ e  by o foctor of about 3 .  
However, this ertimcte mJst be acceptez n . ; t r  c c c e - t  reservotions. First, the 
comparison i s  b a w d  on doto at 5-7 days cfte- i r-czict ion i n  the mouse, and on doto 
o t  9C-200 days in mn. Secmd, t1.e ne:hcr.;smr of spemotogoniol depletion 
d i f f e r  in must ond mon. Third, the d y s c i c 5  c! re-estoblirhment of the spermtogoniol 
populot:on in m n  rcveols signif;ccqt difrerences in the ccr.tro1 of spermotogoniol 
dif ferentiot ion in mouse ond m a n .  b u r ,  w h i l e  the generol rodiotion response of the 
humon testis is typical of all mammals, m r . y  orpects of the normal  process of 
go me to genes;^ w i l l  hove to be more thoroL,shly understood'before rodiotion sensitiv;ty 
of experimental onimols and mcn can be odecjuo!ely compared. 
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F. H. SOBELS: You mentioned that the period of high genetic radio- I 
sensitivity at the end of the dictyate stage of the mouse oocyte seems to 
coincide with cessation of RXA metabolism. Do you o r  Dr. Russell know 
of any other e5dence  that the apparent repair of premutationd damage at 
earlier srages i s  associated with R K A  metabolism? I 
f 0 b b b S b  
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E. F. OAKBERG: At present  w e  can only say that  RNA metabol ism 
is an indicator of general metabolic activity, which may be connected With 
r epa i r  systems.  

L. B. RUSSELL: The h v  mutation frequency obtained when ea r ly  
follicle s tages  a r e  sampled may be due to  mechanisms o ther  than repa i r ,  
such as cell selection. ' 

possible difference in  intrinsic sensitivity of the genetic m a t e r i d ,  as 
W. L. Russell has pointed out (Proc. natn. Acad. Sci. U. S. A. 5Q (1965) 

E.F. OAKBERG: A thi rd possibility is that it is connected with a 

1552 - 57). 
F. H. SOEELS: What is the mechanism of cell death in the B type 

E. F. OAKBERG: The precise  mechanism is unknown, but  t he re  is an 
spermatogonia? 

immediate cell killing which is already detectable 3 - 4 hours  after the  
i r radiat ion in  both mouse and man. In man, many of them differentiate into 
spermatocytes, which is a different response  f rom what we see i n  the mouse 
o r  ra t ,  We real ly  do not understand how the type A Spermatogonial 
population maintains itself. 
t he re  is a so-called A,J spermatogonium which is a t r u e  s t em cell forming 
a reserve population to replenish the seminiferous epithelium. 
interpretation of the human resul ts  could be that the  actual spermatogonial  
differentiation i n  man occurs  more  than 7 2  days before  production of 
mature  sperm,  but that we a r e  unable to recognize the  initial cell population, 
so we have the wrong est imate  of the duration of human spermatogenesis .  

H. hl. BEAL'hIOICT: I wonder if  you would comment  on cell selection 
in  oocytes. 

E. F. OAKBERG: We certainly have evidence for  increased  ce l l  
selection through a t res ia  in  the i r rad ia ted  female. lt is interest ing that 
the female can owla te  about the normal  number of oocytes each oes t rus  
even though she  has  very few left. But a t r e s i a  occur s  a t  different t i m e s  
in  the control and i r radiated females. 
occurs  a t  oocyte s tages  1 - 5;  however, once a follicle has  developed an 
antrum the oocyte has  a better chance of being ovulated in the i r rad ia ted  
than in  the control. 
due to selection against those oocytes bear ing the m o r e  seve re  types of 
damage, probably chromosomal. 

A. G. SEXRLE: Is i t  known how much the duration of oocyte s tages  
6 - 8 depends on whether the female is having l i t t e r s  o r  not? 

E. F. OAKBERG: The data on this a r e  not good, because w e  cannot 
follow a specific oocyte. There  is no difference in  the r a t e  of oocyte 
lo s s  between virgin and continuously mated females;  the depletion of the 
oocyte pools occurred a t  exactly the s a m e  ra tes .  This  may r e su l t  f rom 
the fact that most of the loss of oocytes comes  through a t res ia  r a t h e r  
than through onla t ion .  

L. B. RUSSELL: Another resu l t  re levant  t o  th i s  -point comes f rom 
our  experiments with 50 R acute X-irradiat ion given to  female  mice. 
When the young were ldlled at birth, as done in the fer-ty experiment, 
an average of four  l i t t e rs  was produced. But *hen you  a l l o w  them to  be  
raised,  a s  done i n  the mutation-rate experiments, the average number 
of l i t t e rs  is smal le r  because they a r e  more  widelg spaced. This  also 
points to loss through a t res ia  r a the r  than through ovulation. 

Recently Clermont  and h is  group have suggested 

One 

In the i r rad ia ted  female degeneration 

The increased l o s s  in  the i r rad ia ted  females  must-be 
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15 MAhlhiA LUhN C AhlETOGENESIS 

A.G. SEARLE: You gave a f igure of 46  days for the interval between 
n-mation of the pr imary spermatocyte  and of the spermatozoon i n  man. 
%at is the  minimum t ime  between sper i i ia to toa~ formation i 

permatotoa in  the tubule and their  ejaculation is one day, but t h e  average 
E. F. OAKBERG: The minin,um t ime  between re lease  of the 

probably IO - 14 days. . 

A. J. BATEMAX: Is t h e r e  any evidence for  premature death of the 
permatocyte before meiotic division? 

E. F. 0 .4KBERG:  There  is no eiyidence of any loss a t  this stage. 
;ormal numbers  of spermatoc><es reach division even with very high 
,xposure, a p a r t  perhaps f rom s c m e  a t  the very ear ly  preieptotene Stage. 
vlost of the degeneration occur s  a t  llletaphase 1, so  the scoring of abnormal 
maphases may be misleading. 

:ailed a resti tution cell. 

imagination. The  concept of a restitEtion cel l  is erroneous because t h e  
spermatocytes  which fai l  in  meios is  fo rm a giant spermatid which de-  
generates.  These  cells plzy no ro le  whatsoever in repopulation of t h e  
testis. 
enough to find the few A type s p e r n i a t o g ~ n i a  present. 

W e  sco red  a s  survivors  a l l  those spern.at ids  which appeared to be 
normal l iving cells,  regard less  cf nuclear s ize .  

A. J. BATEhIAN: If you give a l a r g e r  dose of ahout 1000 r a d s  you get 
verv many spe rma toc j t e s  which have failed to  go through meiosis.  
a >date  in t h e  tes tes  and a s  a cei l  population can legitimately be called 
r tion cells. 
by wnich two daughter nuclei fuse,  I a l l i n g  to separate ,  a r e  included within 
a single nuclear  niembrane. 

E. F. OAKBERG: That is t rue,  52; these cel is  have nothing to  do \rith 
tes tes  repopulation and the tern ' resti tction ce!ll implies  that they do. 

A. J. B A T E M A S :  An i r radiated sper~natocyte  normally forms  what is 

E. F. OAKBERG: h my opinion a restitution cel l  is a figment of the 
\f'ere they scored a s  survivors  o r  non-survivors? 

. - 
Investigators who have made th is  c la i r r ,  s i m p l y  did not look long 

They 

1 Restitution' is the  classicai  cytological te rm for process  
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