
INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.

Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106



76-8967

FELDMAN, Susan C aro l, 1943- 
TESTOSTERONE SYNTHESIS BY FETAL RAT TESTES 
AND THEIR RESPONSE TO LH.

The C ity  U n ive rs ity  o f New York, Ph.D., 1976 
Biology

Xerox University Microfilms f Ann Arbor, Michigan 48106

Q  COPYRIGHT BY 

SUSAN CAROL FELDMAN 

1975

2



TESTOSTERONE SYNTHESIS BY FETAL RAT TESTES

AND THEIR RESPONSE TO LH

by

Susan Carol Feldman

A d is s e rta tio n  submitted to the Graduate 
Faculty in Biology in p a r t ia l  fu l f i l lm e n t  

of the requirements fo r  the degree o f Doctor 
of Philosophy, The C ity  U n ivers ity  o f New York.

1975



This manuscript has been read and accepted for the Executive 
Committee in Biology in s a t is fa c t io n  of  the d isser ta t ion  
requirement for  the degree o f  Doctor of  Philosophy.

June 27, 1975
Date

ter

H ~t~\ 1
Chairman o f  Examining Committee 
Prof. Mf Hamburgh, City College

Executive O f f ic e r  
Prof. L.G. Moriber

C^.WxA ft  'i-t
Prof. C. Martin

Prof. R. Ortman

Prof. E. Bloch
( L . S  cVy.%. rt

rrwrProf. B.l Saxeno.

Prof. M. Gordon

Hunter College
Inst i tut  ion

City College
Inst i tu t  ion

Albert Einstein College of Medicine 
Inst  i tu t  ion

Cornell University
Inst i tu t  ion

Yale University
I nst i tu t  ion

Prof. K. Rose:
Montefiore Hospital

Inst i tu t  ion

The City Univers i ty  of  New York



Abstract

The a b i l i t y  o f fe ta l  ra t testes (1 4 .5 , 15 .5 , 1 6 .5 , 18.5 and

20.5 days) to synthesize testosterone and respond to  LH was studied as a 

function o f te s t is  age. Responsiveness to  LH was measured as the 

change in the ra te  o f testosterone synthesis a t each age during short­

term incubation. In a d d itio n , the concentrations o f testosterone in 

the testes and g e n ita l tra c ts  from fetuses aged 14.5 " 21 .5  days was 

measured in order to  c o rre la te  the in v it r o  resu lts  w ith  the in vivo  

si tu a tio n .

Testosterone secreted in to  the incubation medium and present 

in reproductive tissues was measured by radioimmunoassay. The assay 

used was th a t o f Brenner, G urerrero , Cekan, and D iczfa iusy (1973 ). The 

antibody was used a t a d ilu t io n  o f 1:30,000 and bound only testosterone  

and dihydrotestosterone. Testosterone standards were extrac ted  from 

medium 199, and sample and standard ex trac ts  were not p u r if ie d  fu rth e r  

p r io r  to  radioimmunoassay since testes did not m etabolize ^H-testosterone  

to  any s ig n if ic a n t e x ten t.

The concentration o f testosterone secreted in to  the medium 

during incubation represented an accurate estim ation o f the to ta l  

synthesized, w ith in  the lim its  o f p a r t it io n in g  between medium and te s te s . 

Without LH the testes accounted fo r  a constant fra c tio n  o f the to ta l  

synthesized (302); w ith  LH th is  decreased to  22 by 4 hours. LH did not 

a ffe c t  the re ten tio n  or p erm eab ility  o f the testes to  testostero ne. The 

concentration o f testosterone synthesized w ithout LH increased propor­

t io n a te ly  w ith  time from 30 minutes onward, and w ith  tissu e  weight both 

w ith  and w ithout LH a t a l l  ages stud ied .

Testosterone synthesis could not be demonstrated a t 14.5 days.



From 15.5 to 20.5  days the response to  LH increased w ith  age, both 

in terms o f the ra te  o f synthesis w ith  LH re la t iv e  to  the control 

leve l a t each age, and in terms o f the s e n s it iv ity  to  LH. At 15.5 

days, 160 ng LH/ml increased the ra te  o f synthesis 4 - fo ld ,  to  1.3 ng/ 

t e s t is /h r .  At 16.5 days, the same LH dose increased the ra te  8 -fo id  

to  8 .8  n g /te s t is /h r .  At 18.5 days, 64 ng LH/ml increased testosterone  

synthesis 15 -fo ld  over base leve ls  to  a ra te  o f 20 n g /te s t is /h r ;  

and a t 20.5  days, 16 ng/ml increased synthesis 2 0 -fo ld  to  a ra te  o f  

36 n g /te s t is /h r .  At 20.5  days testosterone synthesis was not a ffe c ted  

by FSH or p ro la c tin .

Testosterone was not detectab le  in testes and g e n ita l tra c ts  

from 14.5 day te s te s . From 15•5 to 17*5 days the concentration o f 

testosterone in the testes increased approximately 10 -fo ld  and then 

remained constant u n t il  day 2 0 .5 . The concentration o f testosterone  

in the g e n ita l tra c ts  remained f a i r ly  constant w ith  age.

The Increase in in v it r o  testosterone synthesis w ith  age 

from 15.5 to 18.5 days ia  consistent w ith  a constant level o f 

syn th e tic  a c t iv i ty  per Leydig c e l l ;  the increase from 18.5 to  20.5  

days suggests increased capacity  per c e l l .  The change in s e n s it iv ity  

to  LH w ith  age is a ttr ib u te d  to  increased e ff ic ie n c y  o f LH u t i l i ­

za tio n  a t a step preceding s te ro id  synthesis . These find ings are  

s im ila r  to  those seen in the response o f postnatal testes to  in jec ted  

LH (Odell e t a l ,  1974) and imply s im ila r  regu lato ry  mechanisms a t  

both stages o f te s tis  fu n c tio n . The increase in the te s t ic u la r  

testosterone concentration and its  maintenance u n t i l  b ir th  is  consis­

ten t w ith  the idea th a t te s tis  function is under gonadotropic regu-
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ta tio n  a t th is  tim e. The presence of testosterone in the fetus  

throughout sexual development im plies a ro le  fo r  the fe ta i te s tis  

in the m asculin ization  o f the w o lff ia n  ducts and developing nervous 

system.
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In troduction

Sexual development o f the male mammal from fetus to ad u lt is 

characterized  by two periods o f te s t ic u la r  a c t iv i ty .  The f i r s t  o f 

these, depending upon the species, is fe ta l or p e r in a ta l. The second 

is p u b erta l. During th is  f i r s t  phase, which always includes some 

p ortion  in u te ro , the testes d if fe r e n t ia te ;  the Leydig c e lls  p r o l i f ­

e ra te  and then regress; there is m asculin ization  o f the u ro -g en ita l 

reg ion , v ia  the stimulus o f te s t ic u la r  testosterone; and the hypo- 

th a la m ic -p itu ita ry -te s t ic u la r  axis  is estab lish ed . The pubertal phase 

of te s t ic u la r  a c t iv i ty  is characterized  by an increase in the number 

of Leydig c e lls  under the in fluence o f an in tegrated  negative feedback 

a x is , an increase in the amount o f testosterone secreted by the 

te s te s , and the m aturation o f the secondary sexual c h a ra c te r is tic s .

The question o f the regu lation  o f te s t is  function  during  

the p e r i-n a ta l period raises the problem as to the development o f the 

h y p o th a la m ic -p itu ita ry -te s tic u la r  a x is . I f  fe ta l te s tis  function  is  

not under p itu ita r y  reg u latio n  then i t  becomes necessary to  postu la te  

contro l mechanisms unique to  the fe tu s . In order to resolve th is  

problem i t  is  necessary to  know to  what extent the te s t is ,  p i tu i ta r y ,  

and hypothalamus are functional and responsive to  each o ther and to  

ch arac te rize  these responses in terms o f th e ir  s im ila r ity  to  those 

found in the a d u lt.

Two major c h a ra c te r is tic s  o f ad u lt testes are the a b i l i t y  

to synthesize testosterone from endogenous precursors and to  respond 

to LH by increasing the ra te  o f testosterone synthesis . A recent 

review o f the pathways o f te s t ic u la r  biosynthesis o f testosterone by 

Eik-Nes (1970) sta tes  th a t testosterone is synthesized o r ig in a lly



from a ce ta te . The predominant pathway appears to  be: aceta te  to

squalene to  lanostero l to  c h o le s te ro l. From cholestero l the f i r s t  

s te ro id  formed is pregnenolone -  the cen tra l precursor fo r most s te ro id  

hormones. The synthesis o f testosterone from pregnenolone can occur 

v ia  several pathways depending upon the order in which the side chain 

o f pregnenolone is cleaved and ring  A converted to the A.4-3-keto  

s tru c tu re . Pregnenolone is converted to progesterone (v ia  the action  

o f the enzyme complex 3 -hydroxys te ro id  dehydrogenase, A 4 ,5 -s te ro id  

isomerase) to 17oC -hydroxyprogesterone, and then to testosterone v ia  

androstenedione. The a lte rn a te  pathway involves pregnenolone con­

version to  17<X -hydroxypregnenolone to  dehydroepiandrosterone and 

androstenediol to tes tostero ne. These pathways are not completely  

separate as 17<* -hydroxypregnenolone can be converted to  17<* -hydroxy­

progesterone and dehydroepiandrosterone is a precursor fo r androstene­

dione. According to  studies by H all (1970) the regu lation  o f tes to ­

sterone synthesis by LH occurs in the conversion o f cho lestero l to  

pregnenolone v ia  increased hydroxylation o f cho lestero l a t carbon-22, 

although th is  may not be the only locus o f action  o f LH.

The endocrine status o f the fe ta l te s tis  has been la rg e ly  

in fe rred  in vivo and in v it r o  from studies on the ro le  o f the fe ta l  

te s tis  in the m ascu lin ization  o f the w o lffia n  ducts and urogen ita l 

sinus. In the mammal the gonad d if fe re n t ia te s  from the germinal 

ridge in to  a s tru c tu re  which i n i t i a l l y  has both c o r tic a l and medullary  

elements -  the " in d if fe re n t  gonad". In the male, as the cortex  

regresses the sem iniferous tubules and in t e r s t i t ia l  elements, Inc lud­

ing the Leydig c e l ls ,  d i f fe r e n t ia te .  In the ra t the te s tis  is f i r s t  

recognizable on day 14.5 and the cortex disappears by day 17.5



(Schiegei e t  a l ,  1966). In the mouse th is  process Is advanced by 

approximately two days. In the ra t the Leydig c e ils  are recognizable  

w ith  ord inary  s ta in in g  techniques, on day 1 5 .5 , and they rap id ly  

increase in number by day 16 .5 . T h e rea fte r, the number o f Leydig 

c e lls  increases more slow ly u n til  a maximum is reached on day 19 

and then i t  declines (Roosen-Runge and Andersen, 1959). One o f the 

key enzyme systems o f testosterone biosynthesis and c h a ra c te r is tic  o f  

the Leydig c e lls  appears on day 13*5 (3/S -hydroxystero id  dehydrogenase, 

A 4 ,5 -s te ro id  isomerase), before the Leydig c e lls  are h is to lo g ic a lly  

d is tin g u ish ab le  (Niemi and Ikonen, 1961). In the mouse, (Scheib and 

Lombard, 1971) th is  enzyme is f i r s t  detectab le  in c e lls  e ith e r  w ith in  

or close to , the w alls  o f the seminiferous tubu les. As development 

proceeds, these c e lls  are displaced in to  the in te r -tu b u la r  spaces.

The exact o r ig in  o f the Leydig c e l ls ,  e ith e r  in  the fetus or in the 

pre-puberta l male is  not completely resolved.

The development o f  the mammalian g e n ita l t ra c t  a lso  goes 

through a sexually  in d if fe re n t  stage, a t which both sets o f gonaducts, 

w o lffia n  and m u lle ria n , are present. The w o lff ia n  duct, which becomes 

the vas deferens in the male, extends in to  the urogenita l sinus a t 

the time o f gonadal d if fe r e n t ia t io n .  The m ullerian  duct appears in  

the ra t on day 14 and reaches the sinus by day 18, although in the 

male i t  begins to  regress about day 16 (P rice  and Pannebecker, 1956).

As the te s t is  matures the w o lff ia n  duct increases in diameter and 

seminal v es ic le  and p ro s ta tic  buds appear from the p o s te rio r end o f 

the w o lff ia n  duct and the s inus, resp ective ly  (days 18 and 19).

In the ra b b it , gonadectomy a t  the time o f te s tis  d i f f e r ­

e n tia t io n  re su lts  In regression o f the w o lff ia n  ducts and persistence
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o f the m u llerian  ducts. U n ila te ra l im plantation  o f a fe ta l  te s tis  

resu lts  in re ten tio n  o f the w o lff ia n  duct on th a t side only (J o s t,

1953). In the ra t (W ells and F ra lic k , 1951) and mouse (Raynaud,

1950) In which c as tra tio n  In utero a t the time o f te s tis  d i f f e r ­

e n tia t io n  is not possib le , gonadectomy near the end o f gestation  

resu lts  in a v a ria b le  amount o f w o lff ia n  duct degeneration. The 

exten t o f m asculin ization varies  w ith  the age a t c a s tra tio n . In 

vi tro  c u ltu re  o f g e n ita l tra c ts  from male ra t fetuses (P rice  and 

Pannabecker, 1956; Picon, 1969; Bloch, unpublished) supports the 

idea that the fe ta l te s tis  is responsible fo r the m asculin ization  

o f the in te rn a l reproductive s tru c tu re s . S im ila r studies and findings  

have been reported fo r  the guinea pig (P rice  e t a l ,  1967).

That the fe ta l  te s tis  acts v ia  its  secretion  o f testosterone

comes from a number o f s tu d ies . Organ c u ltu re  o f fe ta l  ra t g en ita l 

tra c ts  w ith  C-19 s te ro id s , p r im a rily  tes to s te ro n e , resu lts  in mascu- 

1in iz a tio n  of the w o lffia n  ducts and urogen ita l sinus (P rice  and 

Pannabecker, 1956; Josso, 1970). In je c tio n  o f a number o f androgens, 

including dihydrotestosterone and methyl tes tostero ne, in to  pregnant 

rats  from days Ik  through 21, resu lts  in a large number o f female 

o ffsp rin g  w ith  seminal ves ic les  and vas deferens (Schultz and W ilson, 

1974). In je c tio n  o f antibodies to  testosterone (Goldman, 1972) and 

in h ib ito rs  o f testosterone synthesis in to  pregnant ra ts  and rabb its  

(Goldman, 1969; Bloch e t a l ,  1971) re s u lt  in male fetuses w ith  

hypospadias and reduced ano-gen lta i d is tance. Wilson and L a zn itis k i 

(1971) have demonstrated th a t g e n ita l tra c ts  can m etabolize te s to ­

sterone to  d ihydrotestosterone; and re c e n tly , Gupta and Bioch (in  

press) have shown th a t g e n ita l tra c ts  from l i t . 5 day fetuses contain
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a receptor s p e c if ic  fo r  testostero ne. This la t t e r  po in t is o f 

p a r t ic u la r  in te re s t since in some forms o f te s t ic u la r  fe m in iza tio n , 

w h ile  c irc u la tin g  leve ls  o f testosterone are normal, the tissues  

e ith e r  cannot bind testosterone or cannot m etabolize i t  to dihydro­

testosterone (Faiman and W inter, 197*0 .

Testosterone has been demonstrated in the plasma and testes  

o f fetuses and neonates from a number o f species, including: sheep

(A t ta l ,  1969); rhesus monkey (Resko, 1970); guinea pig (Resko, 1970) 

and human (HuhtanieT.i e t a l ,  1970). In one-day old neonatal rats  

testosterone has been demonstrated in testes and plasmi (Resko e t a l , 

1968).

At the time o f sexual d if fe r e n t ia t io n  o f the gonaducts, 

fe ta l testes have been shown to  be capable o f synthesizing te s to ­

sterone in v i t r o  from s te ro id a l and nonsteroidal precursors.

Weniger e t a t ,  (1967 a , b) have demonstrated testosterone and andro- 

stenedione synthesis from acetate  by fe ta l  mouse and c a l f  te s te s . 

L ip s e tt and T u lln e r  (1965) have shown increasing synthesis o f these 

two androgens from pregnenolone, w ith  increasing fe ta l  age, by rab b it 

te s te s . Human fe ta l  testes can synthesize conjugated and non­

conjugated s tero id s  from acetate (Lamont e t a l ,  1970) and preg­

nenolone (R ice , 1966; S ie rra  e t  a l ,  1970) and from progesterone 

(Bloch, 1964). Noumora and co-workers (1966) have demonstrated 

testosterone and androstenedione synthesis from progesterone on day

13.5 and pregnenolone on day 15*5, in the r a t .  In a l l  o f these studies  

there is a marked c o rre la tio n  between the onset o f te s t ic u la r  tes to ­

sterone synthesis and gonaduct d if fe r e n t ia t io n .
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I f  fe ta l testes synthesize testostero ne, Is testosterone  

synthesis under fe ta l p i tu ita r y  regulation? In order to  demonstrate 

th is , i t  is necessary to  show th a t fe ta l testes can respond to LH 

w ith increased testosterone synthesis and th a t the p itu ita r y  not 

only conta ins, but secre tes , b io lo g ic a lly  a c tiv e  LH. There is l i t t l e  

evidence in the l i te ra tu r e  fo r  responsiveness o f fe ta l  testes to LH. 

Recently, Weniger (197*0 has shown th at testosterone synthesis from 

acetate is increased fo u r-fo ld  w ith  LH; however, th is  study used only 

mouse testes o f one age. Scheib and Lombard (1971) have demonstrated 

that the fe ta l  mouse te s tis  can respond to  LH secreted by adu lt 

p itu i ta r ie s ,  as e a rly  as day 12.5; the measure used was increased 

3^6-hydroxys te ro id  dehydrogenase, A *»,5-stero id  i some rase a c t iv i ty .

In many species in which sexual d if fe re n t ia t io n  is completed 

before b ir th  the p itu ita ry  has been shown to  contain the f u l l  complement 

of troph ic  hormones, including LH. In the c a lf  fe tus LH and FSH are 

demonstrable, by immunofluorescence, a t the time o f the appearance 

o f the in t e r s t i t ia l  c e l ls ,  day 59 (Dubois, 1971). Foster and co­

workers (1972) have determined c irc u la t in g  LH and FSH leve ls  in fe ta l  

iambs from the la s t tw o-th irds of prenatal development through day 

18 p o s t-n a ta l. Gonadotropin leve ls  decreased p re c ip ito u s ly  a t b ir th ,  

as did the number o f Leydig c e i ls .  In the human, u t i l i z in g  several 

highly s p e c ific  an tise ra  fo r  LH, the p itu ita ry  has been shown to  

synthesize LH, but i ts  secretion  remains in doubt (P astee ls , 197*0 •

Analysis o f gonadotropin content o f the ra t fe ta l  p itu ita ry  

has not been reported. L ight and e lec tro n  mtcroscopy studies In d ica te  

that the la te  fe ta l p i tu i ta r y  may contain LH and FSH. Fink and co­

workers (1971) and Svalander (197*0 have described c e lls  w ith  granules
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c h a ra c te ris tic s  o f the adu lt gonadotrophs; however, Behrens and 

H artin  (1972) were unable to  demonstrate secretory gonoadotrophs 

before post-n a ta l l i f e .  Using the Parlow assay, Kuznetsova (1970) 

measured LH a c t iv i ty  in p itu ita r ie s  o f both sexes on the day before  

b ir th ,  and demonstrated th a t the p itu ita r y  is  capable o f modulating 

i ts  production o f LH in response to exogenous gonadotropin ad m in is tra tio n .

Hypothalamic involvement in the regu lation  o f th is  f i r s t  

phase o f te s t ic u la r  a c t iv i ty  is unclear. Studies o f hypothalamic 

d if fe re n t ia t io n  in rats  ind icates  th a t a l l  o f the nuclei are recog­

n izab le  p re n a ta lly , however, the primary p o rta l connection between 

the hypothalamus and p itu ita r y  is not completed u n t il  day 5 post­

natal (Coggeshali, 1964; Daikoko, 1967; F ink, 1971). D ecapitation  

o f ra t fetuses before day 17 resu lts  in decreased te s t ic u la r  weight 

and Leydig c e ll  volume (Eguchi and Morikawa, 1968) and decreased 

conversion o f pregnenolone to  testosterone in v it r o  (Noumora e t  a l ,

1966). B ila te ra l c as tra tio n  o f male fetuses on day 21 leads to  a 

s ig n if ic a n t increase in leucine incorporation by c e ll bodies o f the 

arcuate nucleus and basophils o f the a n te r io r  p itu ita r y  when these 

structures  are looked a t 24 hours la te r  (Nakai e t a l , 1972). In the 

guinea p ig , LRF has been demonstrated in the fe ta l hypothalamus by 

immunofluorescence (Barry and Dubois, 1974), and in the lamb (Foster 

e t a l ,  1972) p re n a ta lly . In the ra t there is  evidence that adrenal 

function is under p i tu i ta r y ,  and possibly hypothalamic, contro l during  

the la s t two or three days o f gestation  (J o s t, 1970).

The question posed o r ig in a l ly ,  as to the mechanisms involved  

in the reg u latio n  and development o f  te s tis  function in the f e t a l -  

p e rin a ta l period has not been answered. Although there has been a
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great deal o f work done on the changes taking  place a t puberty in 

te s tis  fu n c tio n , the fe ta l  period has been la rg e ly  ignored. This 

has been due to the lack o f techniques capable o f accurate ly  measuring 

small changes in functional status o f the various tissues involved.

The development in the la s t several years o f h igh ly  s en s itiv e  and s p e c ific  

co m p etitive -p ro te in -b in d in g  assays fo r the measurement o f p ro te in  and 

s te ro id  hormones now makes such studies possib le .

The experiments in the fo llow ing  sections make use o f such 

a technique, a radioimmunoassay fo r  testosterone, in order to  answer 

two questions about the development o f te s t ic u la r  function in the 

fe ta l ra t:  does the a b i l i t y  o f fe ta l  ra t testes to  synthesize

testosterone from endogenous precursors change w ith  development, and 

do fe ta l  testes respond to  gonadotropin s tim u la tio n  w ith  increased 

testosterone synthesis? These questions are basic to  an understanding 

o f the development o f te s tis  function and the mechanisms c o n tro llin g  i t .  

Testosterone synthesis has been demonstrated in th is  species only w ith  

the use o f s te ro id  precursors (Noumora e t a l ,  1966) and responsiveness 

to LH has not been in ves tig a ted . These studies are viewed as the 

f i r s t  in a proposed series  o f experiments on the mechanisms involved  

in the development o f the h y p o th a la m ic -p itu ita ry -te s tic u la r  a x is .

The design o f the experiments is re la t iv e ly  s tra ig h t­

forward. T e s tic u la r  function and responsiv ity  to  LH a t each age in  

development w i l l  be measured in terms o f the concentration o f rad io - 

immunoassayable testosterone secreted in to  the incubation medium.

The experiments are  d ivided in to  four groups: 1) s tandard ization

o f the radioimmunoassay and its  m odification  fo r  use in th is  system;

2) demonstration th a t the concentration o f testosterone in the
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medium a t any time is  an accurate re f le c tio n  o f the to ta l tes to ­

sterone synthesized; 3) the synthesis o f testosterone by fe ta l  

testes aged 14.5 to  20.5  days and th e ir  responsiveness to  LH; and 

4) measurement o f endogenous testosterone concentrations in testes  

and g e n ita l tra c ts  a t the re levant ages.
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M ateria ls  and Methods

I .  M ateria ls

A. Animals

Sprague-Dawley descended ra ts  (CO) were bred by the s u p p lie r, 

Charles R iver Farms (F a ll R iver, M ass.). Mating was ascertained by 

the presence o f sperm in the vaginal smears on the morning a f te r  the 

animals were placed together. Feta l age was ca lcu la ted  as 0 .5  days 

on the morning a f te r  mating, but may have varied by as much as 12 

hours. One week before the fetuses were to  be used, pregnant rats  

were shipped to  our laboratory and housed a t the Animal In s t i tu te .  

Animals were housed in a ir-co n d itio n e d  quarters (22 ° C) a r t i f i c a l i y  

lig h ted  (flu o rescen t l ig h t ;  14 hours l ig h t ;  10 hours d a rk ). Food 

(Purina ra t chow) and w ater were fre e ly  a v a ila b le  a t a l l  tim es.

B. Incubation Medium

The medium used fo r  the incubation o f fe ta l  testes was

Medium 199 (M icrob io log ica l Associates, B altim ore, M d .). The 

composition is given in Table I .  Medium was stored in 100 ml lo ts  

a t 4°C. The medium was used immediately upon opening, and any 

remaining medium discarded.

C. Solvents

A ll solvents used, except d ie th y l e th er and e th an o l, were

o f spectrophotom etric q u a lity  (s u ita b le  fo r  use in spectrophotometry) 

and were not p u r if ie d  fu r th e r . D ie thy l e th e r , anhydrous a n a ly tic a l 

grade, was obtained from F ish er, but o ther brands were used as needed. 

The ethanol used was absolute (100 X ) , reagent grade.
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Table I

Composition o f Medium 199a 

(M icrob io log ica l Associates)

Components mg/i i te r

L-A lanine 25.0
L-A rg inine HCl 70.0
L-A spartic  Acid 30.0
L-Cysteine HCi 0.1
L-Cyst?ne 20.0
L-Glutamic Acid 67.0
L-Glutamine 100.0

Glycine 50.0
L -H is tid in e  HC1-H.0 22.0

Hydroxy-L-proline 10.0
L -lso leuc ine  20.0
L-Leucine 60.0
L-Lysine HCl 70.0
L-Methionine 15.0
L-Phenylalanine 25.0
L -P ro lin e  1*0.0
L-Serine 25.0
L-Th reon i ne 30.0
L-Tryptophan 10.0
L-Tyrosine 1*0.0
L -V a line  25.0

V? tami ns

P-Aminobenzoic Acid 0.050
Ascorbic Acid 0.050

D -B io tin  0.010
C a lc ife ro l 0.100

D-Ca-Pantothenate 0.010
Cholesterol 0.200
Choline Chloride 0.500
Fo1i c Ac i d 0.010

l- ln o s ito l  0.050
Menadione 0.010
Nicotinamide 0.025
N ic o tin ic  Acid 0.025
Pyridoxal HCl 0.025
Pyridoxine HCl 0.025
R ib o flav in  0.010
Thiamine HCl 0.010

DL-ot-Tocopherolphosphate (Na2) 0.010
Tween 80 5.000
Vi tamin A 0.100
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Table I

Components mg/1i te r

Other Components

Adenine HC1-2H 0 12.10
Adenos1n e -5 ’ -Monophosphor i c 

ac id , d ihydrate (AMP)
(Muscle Adenylic Acid) 0 .20

Adenos i n e -5 ’ -T r  i phosphate
d isod ium ,tetrahydrate  (ATP) 1.08

Deoxyribose 0.50
Dextrose 1,000.00
Glutathione (Reduced) 0.05
Guanine HC1*H20 0.33
Hypoxanthine 0.30
Phenol Red 20.00
Ribose 0.50
Sodiurn A cetate*3H .0 83.00
Thymine 0.30
U rac il 0.30
Xanthine 0.34

Inorganic S alts

CaCl,*2H 0 186.0
Fe(N0 ) T9H 0 0 .7
KC1 400.0
KH-P0. 60.0
MgS0.*7H,0 200.0
NaCl 8 ,000 .0
NaHC03 1 ,400.0
Na2HP01|*7H20 90.0

a » composition supplied by the vendor: M icrob io log ica l

Associates, B a ltim ore, Md.
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D. Steroids

The s tero ids  used were testosterone (1 7>S -hydroxyandrost- 

k-ene-3_on e), progesterone (pregn-*»-ene-3*20-d ione), 17# -hydroxy- 

progesterone (17** -hydroxypregn-A -ene-3,20-d ione), epI testosterone  

( 1 7 -hydroxyandrost-A-ene-3_o n e ), androstenedione (androst-A -ene-3 , 

!7 "d io n e ), d I hydro testosterone (17/3 -h yd ro xy-5#  -androstan -3 -one), 

dehydroepiandrosterone (3/3 *hydroxyandrost-5-ene-17-one), androstane- 

d io l (5/x>-androstane-3(X , 17/3 —d io l) ,  androstanedlone (5 #  -androstane- 

3 , 17- d io n e ), androsterone ( 3c< -hydroxy-5<* -androstan-17~one) and 

androstenediol (androst-5“ene-3/S » 1 7 /$ , -d io l ) .

S teroids were obtained from S te ra lo id s , Inc. (Pawling, N .Y .) 

and re c ry s ta lliz e d  p r io r  to use. The m elting point o f each s te ro id  

was taken as the index o f p u r ity . P u rifie d  stero ids  were stored in  

absolute e th an o l.

Radioactive s te ro id s , 1 ,2 ,6 ,7 " ^H-testosterone (s p e c if ic  

a c t iv i ty  o f 85 Ci/mM) and k - 1^C-dihydrotestosterone (s p e c if ic  a c t iv i ty  

o f 50.6 mCi/mH) were obtained from the New England Nuclear Corporation  

(Boston, M ass.). An 0 .25  mCi a liq u o t o f each s te ro id  was d ilu te d  

in benzene:methanol (9 :1 ) to  f in a l concentrations o f 50 Ci/m l 

(^H -testosterone) o r 2 Cl/ml (^ C -d ih y d ro te s to s te ro n e ). Every two 

weeks, o r as needed, an a liq u o t o f the stock so lu tion  was p u r if ie d  

according to the procedure described below.

1. P u r if ic a t io n  o f rad io ac tive  stero ids

Radioactive stero ids  were p u r if ie d  by column chroma­

tography. The column bed was Sephadex-LH-20 (Pharmacia Chemicals, 

Piscataway, N .J .)  and the solvent system was toluene:methanol (8 5 :1 5 ).
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The column was g lass , 50 cm in he ight w ith  an inside diam eter o f 1 cm. 

The base o f the column was packed w ith  a small amount o f glass 

wool and covered w ith  a scin tered  glass f i l t e r ,  to prevent leakage 

o f the Sephadex p a r t ic le s .

Sephadex, 20 g, was swelled overnight in an excess of 

solvent system. The next day the Sephadex was c a re fu lly  poured in to  

the column and packed to  a height o f 30 cm. A S  Cl a liq u o t o f the 

rad io ac tive  s te ro id  was dried  under ^  and dissolved in 1 ml o f the 

solvent m ixture. This was c a re fu lly  applied to the column bed and 

allowed to penetrate to the top o f the bed. The column was then 

elu ted  w ith  solvent m ixture. Fractions o f 2 ml were co llec ted  in 

disposable glass tubes and an 0.01 ml a liq u o t counted. The fra c tio n ,  

or fra c tio n s , containing the highest number o f counts was q u an ti­

ta t iv e ly  tran s ferred  to a glass s c in t i l la t io n  v ia l and stored a t k°  C.

E. P itu ita ry  hormones

Rat lu te in iz in g  hormone (LH, 97 A»g), f o l l i c l e  s tim u la tin g  

hormone (FSH, 100 ^ g ) and p ro la c tin  (100 jUg) were supplied by the 

Rat P itu ita ry  Hormone D is tr ib u tio n  Program o f the In s titu te s  o f 

A r th r i t is  and M etabolic Disease, National In s titu te s  o f H ea lth , in  

the amounts in d ica ted . A ll hormones were received lyo p h ilize d  and 

were immediately s o lu b iliz e d  and stored according to in s tru ctio n s  

supplied by the NIAMD.

The b io lo g ica l potency o f LH (NIAMD-rat LH -I^) was equal 

to th a t o f NIH-LH-SI (based on the ovarian ascorbic acid dep letion  

assay; Parlow, 1961) w ith  an FSH contamination o f less than 0 .0k  x 

NIH-FSH-SI (HCG-augmentation assay; Steel man and Pohley, 1953). The
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FSH (NIAMD-rat F S H -lj) a t a b io lo g ic a l potency o f 100 x NIH-FSH-SI 

(HCG-augmentation assay) had an LH contamination o f less than 0 .002 x 

NIH-LH-SI (ovarian ascorbic acid dep letion  assay).

Each hormone was dissolved in 1.0 ml b u ffe r  (0.01 M 

phosphate b u ffe r , pH 7 .6 , contain ing 0 .015  M NaCI and 1% m e rth io la te ). 

Aliquots o f .025 ml were placed in screw-capped glass tubes, frozen  

in a dry -ice -acetone  bath and stored a t -2 0 °  C.

Rat p ro la c tin  (NIAHD-rat p r o la c t in - l-1 )  was s o lu b iliz e d  in

1.0 ml NaHCO  ̂ (0.01 M ). A liquots o f .025 mi were placed in 12 mm 

capped styrene tubes (Falcon P la s tic s , G a .) , frozen in  a d ry -ic e -  

ace tone bath and stored a t -2 0 °  C.

Before use, one or more tubes o f each hormone was d ilu te d  

to 0 .1  ml w ith  medium 199.
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11. Methods

A. Incubation o f fe ta l  testes

Rats were k i l le d  by e th e r in h a la tio n , u te r i removed and placed 

in glass P e tri dishes containing a few drops o f cold medium 199.

Fetuses were decap ita ted , and the testes placed in ice -co ld  medium 

199 as ra p id ly  as was possib le . At no time d id  i t  take more than 4 

hours to  d issect out the number o f testes needed. Testes from 

o ld er age fetuses were removed from the g en ita l ducts; from 14.5 to

16.5 days gestation  a small amount o f adhering duct was re ta ined  in 

order to avoid damaging the te s te s . The combined testes were sub­

divided in to  groups o f predetermined nuiriber. Each group o f testes  

was weighed on a R o ller-Sm ith  P rec ision  Balance and placed in a 

10 ml ehrlenmeyer fla s k  contain ing 3 mi o f cold medium 199. The 

flasks  were gassed w ith  02 :C02 (9 5 :5) fo r  30 seconds, covered w ith  

a rubber stopper and placed in a Dubnoff m etabolic shaking incubator 

a t 37° C. In most o f the experiments the testes were incubated fo r  

30 minutes (pre incubation) a f te r  which time the medium was discarded. 

Each fla s k  then received 3 ml o f cold medium 199 w ith  or w ithout 

added substrate  (^H -testosterone, p itu ita r y  hormones). An 0 .2  ml 

a liq u o t o f medium was removed and placed in a glass s c in t i l la t io n  

v ia l fo r  radioimmunoassay ("zero" tim e ). The flasks  were then gassed, 

stoppered, and returned to  the incubator. Testes were genera lly  

incubated fo r  4 to  8 hours. At in te rv a ls , gen era lly  0 .5 ,  1, 2 and 

4 hours, 0 .2  ml a liq u o ts  o f medium were removed fo r  determ ination  

o f testosterone concentration by radioimmunoassay. A fte r  each 

a liq u o t was removed the samples were gassed before being returned
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to the incubator. At the term ination o f the experiment the remaining 

medium was tran s fe rred  to glass s c in t i l la t io n  v ia ls  and stored a t 

-2 0 °  C. in c e rta in  experiments the concentration o f testosterone  

in the testes was determined a t the end o f the incubation. The testes  

were placed in 0 .5  ml phosphate b u ffe r  (0 .2  M; pH 7 .8 ) and homogenized. 

An 0 .2  ml a liq u o t o f the homogenate was reserved fo r  testosterone  

determ ination by radioimmunoassay, the remainder frozen.

The concentration o f testosterone in the 0 .2  ml a liq u o t  

was d ivided by the fra c tio n  o f the to ta l medium represented by the 

a liq u o t. To determine the concentration in 3 ml medium the concen­

tra tio n s  o f testosterone in a i l  previous 0 .2  ml a liq u o ts  was added 

to th is  value.

B. Determ ination o f endogenous tissue  testosterone

In these studies the re levan t tissues (te s te s , g en ita l 

t ra c ts , lungs) were excised and placed d ire c t ly  in to  s c in t i l la t io n  

v ia ls  contain ing 0 .5  ml phosphate b u ffe r  (0 .2  M; pH 7 .8 ) .  Tissues 

were homogenized as above and an 0 .2  ml a liq u o t used fo r  the d eter­

mination o f testosterone by radioimmunoassay.

C. E xtrac tion  and p u r if ic a t io n  o f testosterone and other s tero ids

1. E xtrac tio n  o f s tero ids

Testosterone and other s tero ids  were extrac ted  from 

the incubation medium and tissue homogenates w ith  d ie th y l e th e r . When 

stero ids  were to  be determined by radioimmunoassay the fo llow ing  pro­

cedure was u t i l iz e d .  Approximately 100 -  300 cpm o f ^H-testosterone  

(dissolved in phosphate b u ffe r system, pp. 36 ) were added to  each 

0 .2  ml a liq u o t o f medium or tissue homogenate to co rrect fo r  pro­
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cedural losses. D iethyl e th er (10 ml) was added to  each v ia l  and 

the samples were mixed on a Vortex-Genie mixer fo r  45 seconds.

Samples were then frozen in a d ry-ice-acetone bath ( -7 6 °  C ), and 

when the aqueous phase appeared frozen (20 -  30 seconds) the e ther  

fra c tio n s  were decanted in to  conical glass cen trifu g e  tubes. The 

e th er e x tra c t was evaporated under Nj a t a temperature o f 45° C.

Sample residues were dissolved e ith e r  in 1.0 ml o f the phosphate 

b u ffe r system fo r  testosterone analysis by radioimmunoassay or in 

1.0 ml benzene fo r  separation on th in -la y e r  chromatography. In both 

cases the ex trac ts  were stored a t 4° C.

2. T h in -la y e r chromatography (TLC)

In several experiments TLC was used to separate H- 

testosterone from o ther rad io active  s te ro id s . Two solvent systems 

were used. System I (ch lo ro fo rm :e th er:e th an o l, 3 : 1 :0 .3 ) separated  

tes tostero ne, d ihydrotestosterone, and androstenedione, (R f 0 .2 5 , 0 .3 2 ,

0 .5 ,  re s p e c tiv e ly ). System I I  (hexane:ethyl a c e ta te , 1 :1) separated  

testosterone from dihydrotestosterone and androstenedione, which 

were counted as one fra c tio n  (Rf 0 .1 4 , 0 .2 5 , 0 .2 2 , re s p e c tiv e ly ).

Pre-prepared p la tes  o f s i l ic a  gel (0 .25  mm th ic k ; 20 x 20 cm) 

contain ing a fluorescent compound (F-254)were obtained from E. Merck 

(Darmstadt, Germany). The p la tes  were ac tiva ted  by heating a t 90° C 

fo r  1 hour, and stored in a glass d ess icato r. An 0 .5  cm s t r ip  o f gel 

was scraped from each side o f the p la te  and the gel separated in to  

lanes 1 cm wide fo r  known standards and 2 cm wide fo r  unknown samples. 

The unknown sample lanes were separated by 0 .5  cm lanes. The o r ig in  

was marked a t 1 cm from the edge o f the g e l. Samples and standards 

were applied  to  the p la tes  in benzene, e thano l, or e thyl aceta te
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using m fc ro lite r  p ip e tte s . In genera l, standards were applied  in 5 ~ 

20 jJS amounts and unknowns in 20 -  100 /*1 volumes. Solvents were 

evaporated under N^.

Chromatography was performed In glass tanks (26 x 30 cm) 

equipped w ith  removable covers. Tanks were rinsed In d is t i l le d  w ater, 

and when dry were lined  w ith  f i l t e r  paper (Whatman # 2 ). The solvent 

m ixture, prepared fresh , was poured in to  the tanks (150 ml per tan k ). 

A fte r  the tanks were e q u ilib ra te d  fo r a minimum o f 2 hours the p lates  

were put in . When the solvent fro n t had reached a height o f 15 cm 

the p la tes  were removed and dried a t room temperature.

Standards were v is u a lize d  e ith e r  by fluorescence under UV 

( 25*» nm) or by spraying w ith  ethanol rs u lfu r ic  acid  ( 1: 1) and heating  

fo r  10 minutes a t 100° C. S il ic a  gel s t r ip s ,  corresponding to  the 

Rf values o f the standards, were scraped from the p la tes  and placed 

in glass cen trifu g e  tubes. Steroids were e lu ted  from the gel w ith  

2 washings in benzene:methanol (9 :1 ) .  The e luates were dried  under 

N2 , redissolved in t ml methanol, and an a liq u o t counted.

D. R a d io ac tiv ity  determ ination

Counting o f samples contain ing and ^ C  was done by liq u id  

s c in t i l la t io n  counting. The counter used was a Nuclear Chicago 

Mark I L iqu id  S c in t i l la t io n  Spectrometer. The s c in t i l la t io n  f lu id  

used was Hydromix (Yorktown Products, N .Y .) .  The machine was c a l i ­

brated to  give maximum e ff ic ie n c y  fo r  and ^ C  ( 52% and 87%, re­

sp ec tive ly ) when counted on two channels. Samples were counted u n t il  

s u ff ic ie n t  numbers o f counts had accumulated to  achieve a counting  

e rro r  o f 1 -  2%.

31



The e ff ic ie n c y  o f the counting process is a function  o f the 

energy o f the em itted e le c tro n s , capture o f the energy by " in e r t"  

molecules, and quenching o f the phosphorescence due to  contaminating 

solutes or solvents in which the sample containing the isotope is 

dissolved. In order to determine the loss o f e ff ic ie n c y  and ^ C -  

toluene standards (New England Nuclear Corp., Boston, Hass.) were 

counted in the appropriate so lvents . Sample resu lts  were expressed 

as cpm; in general sample e ff ic ie n c y  ranged from 20 -  301 fo r  

and 1*0 -  50* fo r ,J*C.
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Radioimmunoassay o f Testosterone

The concentration o f testosterone in medium and tissues was 

determined by radioimmunoassay (R IA ). The assay method o f Brenner, 

Guerrero, Cekan and O iczfalusy (1973) fo r  the measurement o f plasma 

testosterone was m odified fo r the detection  o f testosterone present 

in tissues and secreted in to  medium 199 during the incubation of 

fe ta l  tes tes .

I .  In troduction

Radioimmunoassay is a p a r t ic u la r  class o f com petitive  

p ro te in -b in d in g  assays, in which the p ro te in  used is an antibody 

prepared against a non-antigenic hapten (e .g , tes to s te ro n e), coupled 

to an an tig en ic  molecule (e .g , bovine serum album in). These assays 

take advantage o f the fa c t th a t the binding o f the antigen to  the 

antibody is s p e c if ic  and re v e rs ib le .

The binding o f the labeled antigen (Ag*) to  the antibody 

resu lts  in an an ti gen-anti body complex:

Ag* + Antibody (Ab) 4 - Ag*-Ab

The ad d itio n  o f unlabeled antigen (Ag) to  the complex resu lts  in 

com petition fo r the a v a ila b le  s ite s  on the antibody molecule. This 

resu lts  in a decrease in the nunfcer o f labeled antigen molecules 

associated (bound) to  the antibody:

Ag*-Ab Ag ^  *  Ag*-Ab-Ag ♦  Ag*

In order to  determine the amount o f labeled antigen displaced from the 

antibody by the ad d itio n  o f unlabeled an tigen , the antigen molecules 

fre e  in so lu tion  are separated from the antigen bound to  the antibody. 

This is accomplished in  most s te ro id  assays by the use o f n o n -sp ec ific  

adsorbants, such as charcoal or f l o r l c i l .
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Once the fre e  and bound s te ro id  molecules have been separated, 

the number o f counts bound to  the antibody is determined. R epetition  

o f the above steps a t several concentrations o f competing (unlabeled) 

s te ro id  enables one to construct a curve fo r the determ ination o f 

the amount o f s te ro id  in unknown samples.

The slope o f the displacement curve, the change in d is ­

placement over the range o f competing concentrations, is  dependent 

upon the weight o f the labeled antigen (tra c e r) and the concentration  

o f binding pro te in  (an tib o d y ). For most assays the weight o f the 

tra c e r is  considered n e g lig ib le  due to  the use o f compounds w ith  

high s p e c ific  a c t iv i t ie s .  The antibody concentration which, in 

general, gives the most s a tis fa c to ry  displacement curve is one which 

binds approximately 501 o f the labeled s te ro id  in  the absence o f  

competing antigen (Odell e t a l ,  1971).

For each antibody used the optimum concentration depends 

on the association  constant ( a f f in i t y )  o f the antibody fo r  the antigen  

and on the conditions o f the assay (pH; b u ffe r; temperature) (Murphy, 

1971). Thus, under the s p e c if ic  assay conditions employed i t  is 

necessary to determine the antibody concentration which: a) binds

approximately 501 o f  the tra c e r  in the absence o f unlabeled antigen; 

b) gives maximum uniform displacement over the range o f competing 

concentrations; c) gives a high degree o f p recis ion  in the number o f 

counts displaced a t  each concentration; both w ith in  and between assays 

(♦  10^; Murphy, 1971); and d) gives the sm allest degree o f n o n -sp ec ific  

displacement o f counts in the absence o f competing antigen (b la n k ).

Although antibodies are re la t iv e ly  s p e c if ic  fo r  the antigens  

against which they are prepared, the use o f s te ro id  haptens as antigens
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resu lts  in a loss o f s p e c if ic it y .  This is  due mainly to  three  

fac to rs : 1) coupling the s te ro id  to  another molecule obscures

functional groups unique to  th a t s te ro id ; 2) the antibody is made 

against the an tig en ic  molecule as w ell as the hapten; and 3) the 

coupling reaction  may d is to r t  the shape o f the hapten such th a t the 

antibody does not recognize the "n a tiv e"  form o f the molecule.

The f i r s t  po in t is probably the most important in the preparation  

o f s te ro id -s p e c if ic  an tib o d ies . In genera l, the fu r th e r  the coupling  

is made from a unique or d is t in c t iv e  immunologically a c tiv e  s i t e ,  the 

more s p e c if ic  is the re su lta n t antibody (Niswender and H idge ly , 1970). 

Antibody molecules which are re ac tiv e  to the an tig en ic  molecule 

(e .g . ,  bovine serum albumin) can be removed by adsorption o f the 

antiserum w ith  the p a r t ic u la r  molecule used. Changes which a ffe c t  

the shape o f the antigen and which might re s u lt in antibodies w ith  

low binding a f f in i t ie s  can be minimized by successive immunizations 

to  produce a r e la t iv e ly  h igh ly  s p e c if ic  antibody (Zimmering, 1970).

Thus, in s e ttin g  up a radioimmunoassay i t  is necessary to  

determine the exten t to which o th er s te ro id s , not necessarily  having 

s im ila r  b io lo g ic a l a c t iv i t y ,  can d isplace labeled antigen from the  

antibody. The ideal assay is one in which the antibody is s u f f ic ie n t ly  

s p e c ific  and has a s u f f ic ie n t ly  high binding a f f in i t y  to  o b v ia te  the 

need fo r procedures to  p u r ify  and separate the antigen from any 

in te r fe r in g  and/or competing molecules. Since most antibodies do 

not meet these c r i t e r a ,  each procedure used to e x tra c t , separate , and/ 

or p u r ify  the s te ro id  must be analyzed fo r  its  e ffe c t  on the binding  

o f the antigen to  the antibody. Unless there is no a f fe c t  o f these 

procedures on the displacement o f labeled antigen bound to the a n t i ­



body, the best standard curve is one in which the standards are pre­

pared and processed in the same way and at the same time as e xp e ri­

mental samples.

In summary, s e ttin g  up the radioimmunoassay involves the 

fo llow ing  determ inations: 1) the antibody concentration which

gives maximum displacement o f labeled antigen over the range o f com­

peting concentrations ( i . e . ,  s e n s it iv ity  and re s p o n s iv ity );

2) estim ation  o f the precis ion  of label displacement a t each 

competing concentration , both w ith in  (in tra -a s sa y ) and between ( in te r  

assay) assays; 3) e f fe c t  o f p u r if ic a t io n  procedures on the slope of 

the curve and precis ion  o f the assay (recovery or accuracy o f the 

assay); and k) s p e c if ic ity  o f the antiserum fo r  the antigen used.

I I .  M ateria ls

A. Phosphate b u ffe r system (PBS)

The b u ffe r system used in the radioimmunoassay consisted  

o f an 0 .2  M phosphate b u ffe r (pH 7 .8 ) containing 0.1% g e la t in ,

0.9% NaCl, and 0.01% sodium a z id e . The b u ffe r was prepared fresh  

every two weeks and stored in an a il-g la s s  stoppered b o tt le  a t 4 ° C.

B. Charcoal

Charcoal (N o rit A, p a r t ic le  s ize  k -  5f*) was obtained from 

Fisher S c ie n t if ic  Co. and prepared fo r  use in the radioimmunoassay 

by washing w ith  d is t i l le d  w ater (10 g in 100 ml) to remove the fin e  

p a r t ic le s . The residue was dried  overnight a t 100° C and stored in 

a stoppered j a r  or f la s k . A 1% (w t/v o l) suspension in PBS was 

prepared every two days and stored a t k°  C. To ensure an even sus­

pension o f charcoal p a r tic le s  the charcoal was mixed w ith  a magnetic 

s t i r r e r  fo r  o n e -h a lf hour p r io r  to  use.
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C. Antibody

The antibody used was generously supplied by Dr. R. Rosenfeld, 

Stero id  Research In s t i tu te ,  M ontefiore Hospital and Medical Center.

The antibody had been prepared against 3~carboxymethoxy-testosterone- 

bovlne serum albumin, dispersed in Freund's adjuvant 1 :1 . Rabbits 

were in jec ted  w ith  the antigen fo r  3 -  months (1 m g /in je c tio n , 

subcutaneous 1y ) . The antibody obtained was stored in a glass tube 

a t -2 0 °  C. As needed, antibody was d iiu te d  1:100 w ith  PBS. Each 

day a fresh a liq u o t o f 1:100 d ilu t io n  was removed and d ilu te d  1: 10,000 

w ith  PBS (v o l /v o i ) .  The ad d ition  o f equal volumes o f antibody, and 

labeled and unlabeled antigen to  the reaction tubes resulted  in a 

f in a l antibody concentration o f 1: 30, 000.

D. Glassware

A ll glassware used in the radioimmunoassay was f i r s t  cieaned 

according to  ord inary procedures (de tergent, d i s t i 1 led w a te r ) , rinsed  

withm ethanol, and dried a t a temperature o f 800° F in a G.E. s e l f ­

c leaning oven.

I I I .  Procedure

The procedure used fo r the radioimmunoassay o f 

testosterone was taken from th at o f Brenner, Guerrero, Cekan, and 

D iczfa lusy (1973 ), and involved the fo llow ing  steps:

1. Preparation o f antibody-^H -testosterone complex. 

^H-testosterone was bound to  the antibody by adding equal volumes o f 

both reactan ts , previously  d ilu te d  to  the concentrations ind icated  

(pp 37 ) ,  to  a glass s c in t i l la t io n  v ia l .  A fte r  m ixing, the so lu tion  

was allowed to e q u ilib ra te  fo r  a minimum o f 2 hours a t room tem perature.
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2. Testosterone standards. To 12 x 75 mm glass 

tubes (K im ble), 0 .1 ml o f a known concentration o f testosterone (1 2 .5 , 

25, 50, 75, 100, 200 pg) or o f a sample e x tra c t was added. A ll 

samples were prepared in d u p lica te  or t r ip l ic a t e .  Two tubes received

0.1 ml o f PBS ("zero" tes to s te ro n e).

3. Reaction. An 0 .2  m) a liq u o t o f the antibody- 

^H-testosterone m ixture was added to each tube, and the tubes mixed 

fo r 15 seconds. Tubes were then placed in a 60° C water bath fo r  

10 minutes, and then in a 30° C w ater bath fo r  30 minutes.

k.  Separation o f bound and free  testosterone.

Testosterone, free  in s o lu tio n , was separated from that bound to  the

antibody by adsorption o f the fre e  s te ro id  onto charcoal. The tubes 

from Step 3 were placed in an ice -w ater bath , and an 0 .5  ml a liq u o t of 

the charcoal suspension was added to  each tube. Charcoal was added 

to a l l  tubes w ith in  k minutes. The tubes remained in the ice - 

w ater bath fo r  20 minutes, during which time they were gently  shaken 

to m aintain an even charcoal suspension. Charcoal, w ith  the adsorbed 

free  s te ro id , was separated from the an ti body-testosterone complex 

(bound s te ro id , B) by c en tr ifu g a tio n  fo r  10 minutes a t 3,000 rpm a t  

k°  C. The cen trifu g e  used was a S orvall RC-2B re fr ig e ra te d  cen trifuge  

(S o rv a ll, Norwalk, Conn.) w ith  a ro to r designed to  hold 96 12 x 75 

tubes. The supernatant fra c tio n  from each tube was decanted in to  

glass s c in t i l la t io n  v ia ls  and counted according to  the procedures 

previously described. The counting e ff ic ie n c y  ranged from 20 -  25%.

5 . Expression o f re s u lts . The bound counts (B)

obtained a t each added testosterone concentration were expressed in

38



e ith e r  o f two ways: a) as a percentage o f the to ta l counts added

to each tube (% counts bound: I B ) :  o r b) as the ra t io  o f:

I  counts bound a t concentration (B )
 ________ _ _ _ _ _ _    3 3

I  counts bound a t "zero" testosterone (B )o

For the standard curve the resu lts  were p lo tte d  as B/Bq v s  tes to ­

sterone added ( in  pg ) .  For the range o f competing concentrations  

used the resu lts  are shown in Figure 1. The same resu lts  p lo tted  

on a lo g it - lo g  scale converts the curve in Figure 1 to a s tra ig h t  

l in e  (F ig . 2 ) ,  and allows fo r  the determ ination o f the slope o f  

the l in e .

IV . Standard curve fo r  the radioimmunoassay o f testosterone

As was discussed p rev io u s ly , the s e ttin g  up o f a 

radioimmunoassay involves the determ ination o f the antibody concen­

tra tio n  g iv ing  maximal s e n s it iv ity  and u n ifo rm ity  o f displacement 

over the range o f competing concentrations; estim ation  o f the 

precis ion  o f the assay; e f fe c t  o f p u r if ic a t io n  procedures on the 

slope o f the displacement curve; and determ ination o f the s p e c if ic ity  

o f the an ti serum fo r  testostero ne.

A. Antibody concentration

In order to  prepare a standard curve having both maximum 

s e n s it iv ity  and steepness o f s lope, the re la tio n s h ip  between the 

d ilu t io n  o f antibody used and the displacement o f ^H-testosterone  

bound to  the antibody by increasing concentrations o f competing 

testosterone was s tu d ied . The resu lts  are shown in Figure 3.
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Figure 1. Radioimmunoassay o f testosterone: displacement

o f ^H-testosterone bound to the antibody (mean B/BQ +_ S .D.) 

by testosterone standards prepared in b u ffe r . The concen­

tra tio n s  (and numbers o f determ inations per concentration) 

o f competing testosterone were: 12.5 (**0) ,  25 ( 39) ,

50 (3 9 ), 75 (39) 100 (5 9 ), 200 (28) pg. The assay was 

performed according to  the procedures described in the 

te x t;  the f in a l antibody concentration used was 1: 30, 000.
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Figure 2 . A log- lo g it  transform ation o f the curve in Figure 1 

The equation fo r the lin e  is :

Jog C -  -0 .3 7  lo g it  + 1.9542
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Figure 3. R elationship  between f in a l antibody concentration  

and s e n s it iv ity  and slope o f the displacement curve over 

the range o f competing testosterone concentrations 12.5 -  

200 pg. Numbers in the fig u re  represent the f in a l antibody  

concentrations in the reaction tubes; each po in t represents 

the mean o f 5 determ inations. Testosterone standards were 

prepared in b u ffe r and bound according to the procedures 

ou tlined  in the te x t.
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Increasing the antibody d ilu t io n  increased the s e n s it iv ity  

of the assay. At a testosterone concentration o f 12.5 pg, the B/Bo 

value decreased from 9 8 . 5 , a t a d ilu t io n  o f 1: 7500, to 81 . 5 , a t a 

d ilu t io n  o f 1 :60,000 . The percentage o f the to ta l counts displaced  

over the e n t ire  range o f 12.5 to  200 pg increased from 5.5% a t a d ilu t io n  

of 1:7500, to  32% a t a d ilu t io n  o f 1 :30,000 . Increasing the antibody  

d ilu t io n  to 1:60,000 s a c r ific e d  the a b i l i t y  to  read a wide range o f 

testosterone concentrations fo r  increased displacement in the range

12.5 to  50 pg. At a d ilu t io n  o f 1:60,000 the displacement o f counts 

from 12.5 to 50 pg was 35%i th is  decreased to  14% from 75 to 200 pg.

At a d ilu t io n  o f 1 :30 ,000 , displacement o f counts from 12.5 to 50 

and from 75 to  200 pg was uniform , 25.7%. A d ilu t io n  o f 1:30,000  

was selected as the f in a l  working concentration o f antibody to be 

used in a l l  s tu d ies . The resu lts  shown in Figure 3 in d ica te  that a t  

th is  concentration small e rro rs  in antibody d ilu t io n  would not re s u lt  

in major changes in slope or s e n s it iv ity  o f the displacement carve.

B. Standard curve fo r  the radioimmunoassay o f testosterone

The displacement curve shown in Figs. 1 -  2 describes the 

displacement o f testosterone by testosterone standards prepared 

in b u ffe r . The experimental cond itions, however, ca lled  fo r  the 

measurement o f testosterone extrac ted  from the incubation medium 

or tis su e . For the standard curve to  most accurate ly  r e f le c t  the 

experimental s itu a t io n , testosterone standards were prepared in 

medium 199, extracted  w ith  d ie th y l e th e r (according to the procedure 

previously described ), d ilu te d  in 1 ml PBS, and then bound according  

to the procedures o u tlin ed  above.
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T ab les  I I A 6 B

•e-
' ■ j

Testosterone, in concentrations o f 12.5 to 200 pg, prepared in b u ffe r or extracted  from 

medium 199, were assayed using the radioimmunoassay fo r testosterone described in the te x t;  

a t  an antibody concentration o f 1: 30,000.

a = Results are expressed as the ra t io  o f percent o f the counts bound a t a s p e c ific  concen­

tra t io n  o f unlabeled testosterone (B) to  th a t bound in the absence o f testosterone (B0) .

The percent o f counts bound (B0) fo r b u ffe r and extracted  medium 199, was 45.7 + 7 .4  and 

47.2 + 5 . 4 ,  re sp e c tive ly . Numbers o f assays performed and interassay v a r ia tio n  (c o e ff ic ie n t  

o f v a r ia tio n  “ S.D./M ) a t each concentration are shown.

b *  Deviation from the mean o f re p lic a te  samples a t each concentration are shown as the mean

c o e ff ic ie n t o f v a r ia tio n  +_ S.D. The number o f mean determ inations a t each concentration is shown, 

c *  Recovery o f testosterone extracted from medium 199, determined by reading B/B0 values from 

b u ffe r standard curve (Figure 1 ). Results are expressed as mean recovery + S. D. ,  numbers in 

parentheses in d ica te  number o f determ inations a t each concentration o f testosterone,

d = Underlined pairs  o f values are s ig n if ic a n t ly  d if fe re n t  (P<.0 5 )-



T a b le  I IA

Radioimmunoassay o f  T e s to s te ro n e

Testosterone
:entra tion (pg) Buffer Testosterone Standards

In te r - assay Precision3 In tra-assay P recision*5
No. o f b/ bq No. o f C.V.
assays (M t  S .D .) C.V. assays (M + S .D .)

12.5 4o 91 + 4 . 5 .05 11 .033 + .01

25 39 79.6 + 5.7 .07 11 .026 + .01

50 39 65.3 + 5.7 .09 11 .025 + .015

75 39 53.5 ± 5 .4 d .10 11 .028 + .024

100 39 46.4 t  5.1 .11 11 .035 + .025

200 28 27.8 ±  3.5 .13 6 .032 + .021
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T a b le  I IB

Radioimmunoassay o f  T e s to s te ro n e

Testosterone
concentration (pg) Extracted Testosterone Standards

1 nter- 
No. o f 
assays

■assay Precision  
B/B0 

(M + S.D.) C.V.

12.5 17 88.2 + 4 .3 .05

25 28 79.6  + 6 .5 .08

50 28 66.7  + 3 .8 .06

75 22 56.9 + 4 .6 .08

100 25 50.7  + 5 .7 .11

200 16 31.6 + 2 .7 .09

Intra-assay Precision Percent Recovery0 
No. o f C.V. (M + S.D.)
assays (M + S.D.)

10 .026 + .023 139 + 47.5 ( 11)

10 .028 + .021 1!5 + 4) ( 21)

10 .035 + .022 100 + 16.7 (21)

10 .03 + .02 93.8  + 17.5 (16)

10 .02 + .02 89 + 15.5 ( 21)

9 .025 + .02 93 + 5 ( 10)
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Figure 4. Radioimmunoassay o f  testosterone: displacement

o f 3h- testosterone bound to the antibody (mean B/BQ + S.D.) 

by testosterone standards extracted from medium 199.

The concentrations (and number o f determinations per 

concentration) were: 12.5 ( 17)» 25 (2 8 ) ,  50 (2 8 ) ,

75 (2 2 ) ,  100 (2 5 ) ,  200 (16) pg testosterone. Testosterone  

standards were extracted from medium 199 and bound accord­

ing to the procedures in the te x t ;  the f in a l  antibody 

concentration used was 1:30,000.
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Figure 5 . A log- lo g it  transform ation o f the standard curve 

fo r the radioimmunoassay o f testosterone given in Figure 4 . 

The equation fo r the lin e  is :

log C -  -0 .425  lo g it  + 1.9731
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The displacement o f ^H-testosterone by testosterone  

standards ( 12.5 to  200 pg) e ith e r  prepared in b u ffe r  or extracted  

from medium 199 is  given in Table I I  A -  B, along w ith  in te r  and 

in tra -assay  prec is ion . The standard curve fo r the radioimmuno­

assay o f testosterone extrac ted  from medium 199 is  shown in 

Figures 4 - 5 .  E xtrac tio n  o f testosterone had no s ig n if ic a n t  

e ffe c t  on concentrations below 75 pg. At 75, 100, and 200 pg 

e x tra c tio n  s ig n if ic a n t ly  decreased the displacement o f ^ - t e s t o ­

sterone. This resulted  in a curve w ith  a somewhat shallower 

slope (F igure 5) than th a t seen w ithout e x trac tio n  (Figure 2 ) ,  

although the s ig n ifican ce  o f th is  was not evaluated s t a t is t ic a l ly .

The equation which defines the displacement o f ^H -testo­

sterone by extracted  testosterone standards does not apply a t  

concentrations over 1 ng. At 1 and 10 ng the re su lta n t B/BQ values 

are above those pred icted  by the equation (8 .4  and 4 .0 , re s p e c tiv e ly ).

E xtraction  o f testosterone d id  not a f fe c t  the precis ion  of 

the assay. The In tra -assay  v a r ia tio n  fo r  b u ffe r testosterone standards 

ranged from 0.025 (a t 50 pg) to  0.035 (100 p g ); and fo r extracted  

standards from 0.02 (a t  100 pg) to 0 .035  (a t 50 p g ). The in te r ­

assay precis ion  fo r  b u ffe r  and ex trac ted  testosterone standards ranged 

from 0 .05  to  0 . 13* and 0 .05  to  0 . 11, re s p e c tiv e ly .

1. Blank value

The e x tra c tio n  o f standards from medium 199 raised  

the problem o f the displacement o f a s p e c if ic  nuiriber o f counts in the 

absence o f added testosterone. This would most l ik e ly  be due to  

m ateria ls  present In the e x tra c t ,  derived e ith e r  from the medium or 

e th e r. In 32 assays the re su lta n t B/BQ values, when read o f f  o f the
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curve In  Figure 2 (non-extracted testosterone standards) corresponded 

to 5 .8  + 6 . 7  pg tes tostero ne. For th is  reason, most samples were 

read above 25 pg, and any value below 12.5 pg was considered "zero". 

The blank value could not be subtracted from the f in a l resu lts  since 

i t  is unclear i f  i t  changed as a function o f the concentration o f 

added testostero ne.

2 . Accuracy

The a b i l i t y  to c o rre c tly  measure the amount o f  

testosterone in a given sample, i . e ,  the accuracy, is dependent upon 

the loss o f m ateria l during sample handling and on in te rfe ren ce  in  

the binding o f testosterone to  the antibody. Using the e x tra c tio n  

procedure previously  described, loss o f testosterone during sample 

handling was n e g lig ib le : 85 -  35% o f ^H-testosterone added to

more than 100 samples was recovered a f te r  e x tra c tio n . Since loss 

o f m ateria l was small and testosterone standards were extrac ted  a t  

the same time as the experim ental samples, the concentrations o f 

testosterone in unknown samples were not corrected to  r e f le c t  th is  

loss.

In order to assess the in te rfe ren ce  on testosterone binding  

by m ateria ls  present in the e th e r e x tra c t ,  testosterone standards 

extracted  from medium 199 were bound and the re su lta n t B/B0 values 

converted to pg testosterone using the curve in  Figure 1. The resu lts  

are shown in Table M B .  At 12.5 pg the concentration o f testosterone  

was overestim ated whereas above 50 pg there was a tendency to  under­

estim ate the concentration o f testosterone present. The consistent 

underestimation o f testosterone concentrations above 75 pg is  pre­

d icted by the s ig n if ic a n t  decrease in the mean B/BQ values obtained
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fo r ex trac ted  vs b u ffe r  standards. Because o f the poor p recis ion  

in recovery a t testosterone concentrations below 50 pg and the under­

estim ation  o f testosterone at concentrations above 50 pg, tes to ­

sterone standards were ro u tin e ly  extracted  from medium 199.

3. Volume o f e x tra c t bound

In order to fu rth e r  assess the c o n trib u tio n  o f the 

medium and e x tra c tio n  procedures to  the radioimmunoassay o f tes to ­

sterone, standards (25 , 50, 100, 200 pg) were prepared in medium 199 

such tha t 0 .1  and 0.01 ml a liq u o ts  o f the re s u ltin g  e x tra c t con­

ta ined equal testosterone concentrations. Decreasing the amount o f 

e x tra c t bound by te n -fo ld  resu lted  in a small (0 .7  ~ 5.4%) decrease 

in the mean B/Bq values a t the range o f concentrations te s te .  Since 

the resu lts  did not change co n s is ten tly  w ith  the concentration of 

testosterone being assayed, i t  was concluded th a t decreasing the 

volume o f e x tra c t bound was u n lik e ly  to  s ig n if ic a n t ly  a f fe c t  the 

binding o f testosterone to the antibody.

4 . S p e c if ic ity  o f the an ti serum fo r  testosterone

The re la t iv e  degree o f s p e c if ic ity  o f the antiserum  

fo r testosterone was assessed in order to  determine the need, i f  any, 

fo r chromatographic p u r if ic a t io n  o f the e x tra c ts . Ten s te ro id s , known 

precursors o r m etabolites o f testosterone were studied fo r  th e ir  

a b i l i t y  to d isplace ^H-testosterone bound to  the antibody (F igure 6 ; 

Table I I I ) .  Only dI hydrotestosterone s ig n if ic a n t ly  displaced ^H- 

testosterone; a t a B/BQ value o f 0 .5  (50% displacement) tw ice as 

much dihydrotestosterone as testosterone was required to displace  

the same amount o f ^H-testosterone (215 vs 100 pg, re s p e c tiv e ly ); a t  

1 ng d ihydrotestosterone was equ iva len t to 640 pg tes tostero ne. The
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metabolism o f ^H-testosterone by fe ta l  testes  was studied in order 

to  determine the need to separate testosterone from d ihydrotesto­

sterone by chromatography p r io r  to radioimmunoassay. Since dihydro­

testosterone could not be id e n t if ie d  as a m etabolite  o f testosterone, 

no p r io r  p u r if ic a t io n  o f the experim ental samples was required  

(See: R esu lts ).
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Table I I I

S tero id  S p e c if ic ity  o f the Antibody

S tero id3 B/B„b

Testosterone  
equivalents Percent 

in pg Displacement

#1 Testosterone 8.0 1,000 100

#2 Progesterone 93.8 2 .8

#3 17<*-Hydroxy- 
progesterone 80.9 26 2.6

#4 E pi-testosterone 100 0 < 1

#5 Androstenedione 86.1 11.0 1.1

#6 D ihydrotesto­
sterone 16.6 640.0 64

#7 Dehydroepian-
drosterone 87.3 9 .0 < 1

#8 5*-Androstane-3«l,
17# -d io 1 74.7 36.0 3.6

#9 5*-And ros ta n e -3, 
17"dione 86.7 10.0 1

#10 5A-Androstane-3*~ 
ol-17-one 9 6 .8 1.8 <1

#11 A  5-An d ros tene- 3/3, 
171-diol 79.5 29 2.9

S tero id s , c ry s ta lliz e d  as described (see : M a te ria ls )

were studied fo r  th e ir a b i1i ty to d isp lace 3h- testosterone

bound to the antibody u t i l i z in g  the radioimmunoassay procedure 

described in the te x t .  The re su lta n t B/B0 values were converted 

to testosterone equivalents  by reading the B/BQ values from 

the standard curve fo r  testosterone in F ig . 6. 

a *  fo r system atic names see: M a te r ia ls , S tero id s .

b ■ concentration o f competing s tero ids  was 1,000 pg; B/BQ ■ 50% shown 

only fo r  dihydrotestosterone (# 6 ) .
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Figure 6 . Radioimmunoassay o f testosterone: s p e c if ic ity

o f the antibody fo r tes tostero ne. The displacement of 

3h- testosterone bound to the antibody (B/Bq) by increasing  

concentrations o f: testosterone (# 1 ), progesterone (# 2 ),

13^-hydroxyprogesterone (# 3 ) , androstenedione (# 5 ) , dihydro­

testosterone (# 6 ), dehydroepiandrosterone (# 7 ), androstanediol 

(#8)  was measured by the radioimmunoassay described in the  

te x t;  the f in a l antibody concentration was 1:30,000 . Each 

poin t represents the mean o f 4-6 determ inations.
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Results

1. The experimental design

The m a jo rity  o f experiments carried  out In th is  

study depended upon the measurement o f  testosterone secreted in to  

medium by fe ta l testes during short-term  incubation , using the radio­

immunoassay previously described. The f e a s ib i l i t y  o f th is  approach 

requires the concentration o f testosterone in the medium a t any 

p a rt ic u la r  time to be an accurate re f le c tio n  o f the to ta l te s to ­

sterone synthesized.

The p o s s ib il ity  th a t the concentration o f testosterone in 

the medium does not represent an accurate estim ate o f the to ta l  

could be due to any one o f three fa c to rs . f i r s t ,  testosterone  

could be metabolized to o th er s te ro id s . I f  such m etabolites were 

capable o f d isp lacing  testosterone from the antibody the amount of 

s te ro id  produced would be in c o rre c tly  estim ated to an even g reater 

e x ten t. Second, the fe ta l testes could produce other e th er-so lu b le  

compounds which m ight, in some n o n -sp ec ific  fash ion, in te r fe re  with  

the radioimmunoassay. T h ird , testosterone could p a r t it io n  unequally 

between the tissue and medium compartments, again re su ltin g  in an 

inaccurate determ ination o f the to ta l amount synthesized.

The contributions o f these three fac to rs  to  the d e te r­

mination o f testosterone synthesized during the Incubation o f 20.5  

day testes were studied in the fo llo w in g  experiments. In a l l  cases, 

testes were prepared and incubated according to  the procedures 

described prev ious ly . Analysis o f testosterone concentrations in 

medium and tissues was performed by the radioimmunoassay previously  

described, unless otherwise s ta ted .
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A. Metabolism o f testosterone

The measurement o f testosterone as an accurate re fle c tio n  

o f the to ta l amount synthesized depends upon the extent to which 

testosterone is m etabolized to o ther s te ro id s . Since the previous 

studies on antibody s p e c if ic ity  demonstrated th a t d ihydrotesto - 

sterone can bind to  the antibody used in the radioimmunoassay, 

p a rtic u la r  a tte n tio n  was paid to  the amount o f testosterone reduced 

to th a t s te ro id .

Testes, 20.5  days, were incubated in t r ip l ic a t e ,  each fla sk  

containing 4 testes in 3 ml medium 199 and 1.4 Ci o f ^H -testo - 

sterone. At 0 ,1 , and 4 hours o f incubation an 0 .2  ml a liq u o t o f 

medium was removed and extrac ted  w ith  d ie th y l e th e r; 85 -  951 o f 

the added ra d io a c tiv ity  was recovered in the e x tra c t. Testosterone  

and its  m etabolites in medium 199 were analyzed by th in -la y e r  

chromatography using the solvent systems and procedures described  

previously ( See: Methods, 2 ) .  A fte r  chromatography the zones were

e lu ted  and counted; none o f the zones were rechromatographed.

Recovery o f the label from TLC in e ig h t out o f the nine 

aliquots  as testosterone, androstenedione, and dihydrotestosterone  

ranged from 86 -  100% o f the counts put on the p la te s . In one 

instance, recovery was 58% ("zero" tim e ). At "zero" tim e, tes to ­

sterone accounted fo r  84.5  -  94.5% o f the counts, the remainder 

moved as androstend Ione and d ihydrotestosterone. At 4 hours the 

d is tr ib u tio n  o f counts in the three zones had not changed; recovery 

o f the label as testosterone was 86.4  -  96%. These resu lts  demonstrated 

tha t testosterone Is  not m etabolized by 20.5 day fe ta l te s te s .

As w i l l  be seen la te r ,  LH g re a tly  increased the synthesis
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o f testosterone a t th is  age. With th is  in mind the above experiment 

was repeated in order to  see I f  the e ffe c t  o f LH on testosterone  

synthesis a lso  increased testosterone metabolism. Testes (4 /f ia s k )  

were again incubated in t r ip l ic a t e  as above in medium containing LH 

(16 ng /m i). Recovery o f the label from TLC in nine a liq u o ts  as te s to ­

sterone, d ihydrotestosterone, and androstenedione again ranged from 

86 -  100%. At "zero" tim e, recovery o f non-metabolized testosterone  

ranged from 88.7  ~ 90.**% and a t 4 hours from 83.** ~ 90.5%. Thus, LH 

had no e ffe c t  on the metabolism o f testosterone by 20.5 day te s te s .

Because o f the developmental nature o f the questions being 

asked, the above studies were repeated using 16.5 day fe ta l te s te s . 

Testes were incubated in the same number and manner as above, both 

w ith  and w ithout LH (160 n g /m i). A liquots o f medium (0 .2  ml) were 

removed a t 0 , 1, and k hours and extrac ted  in d ie th y l e th e r; 85 -  35% 

o f the counts were recovered a f te r  e x tra c tio n . Testosterone and i t s  

m etabolites were analyzed by TLC using the same solvent systems as 

above. Recovery o f the label in  the three frac tio n s  o f in te re s t  

accounted fo r 80 -  85% o f the to t a l .  In the absence o f LH te s to ­

sterone accounted fo r  88 -  92% o f the to ta l counts a t "zero" tim e, 

and 89 .3  " 96.7% a t *» hours. With LH, testosterone again accounted 

fo r 8** -  95% o f the counts a t "zero" time and 88 -  95% a t *» hours.

In conclusion, underestim ation o f the to ta l amount o f 

testosterone synthesized due to  metabolism is  u n lik e ly  to  be a 

s ig n if ic a n t source o f e rro r .

B. Measurement o f testosterone secreted In to  medium using gas-

liq u id  chromatography (GLC) and radioimmunoassay 

Although 20.5  day testes  did not m etabolize 3h- tes to s te ro n e,
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the p o s s ib il ity  remained that th is  did not g ive an accurate estim ation  

o f m etabolic a c t iv i ty  and th a t the testes produced o ther e th e r-  

soluble compounds which, by in te r fe r in g  w ith  the measurement o f 

testosterone by radioimmunoassay could re s u lt in erroneous te s to ­

sterone values. G as-liqu id  chromatography was used to  provide an 

independent measure o f the amount o f testosterone present in the 

medium o f one sample. This procedure was k in d ly  performed by 

Dr. Chhanda Gupta o f our lab orato ry .

Testes, 20.5  days, were incubated in 3 ml medium contain­

ing LH (16 ng/ml) fo r 4 hours. A liquots o f medium (0 .2  ml) were 

removed a t 0 , 1, and 4 hours and analyzed fo r  testosterone by 

radioimmunoassay. At 4 hours the concentration o f testosterone in 

the medium was 457 ng.

The remaining 2 .4  ml o f medium to which had been added ^H- 

testosterone (1 ,000 cpm; 40 pg) and '^C -dihydrotestosterone (1 ,000 cpm;

1.5 ng) was extrac ted  w ith  d ie th y l e th er according to  the procedure 

described above (10 ml e th er per 0 .2  ml medium). The e ther e x tra c t  

was run through a Sephadex LH-20 column to remove im purities  ( See: 

M a te r ia ls , 0 . ,  P u r if ic a tio n  o f Radioactive S te ro id s ). Recovery o f 

both labels was Q0%. The sample was dried  and redissolved In 0 .05  ml 

eth y l aceta te  fo r  analysis by GLC. Chromatography was performed on 

a Hewlett-Packard Chromatograph (Series 402B) using XE60 (2% on 80/100  

mesh Chromasorb G) as the solvent phase. The carry ing  gas was 

helium (20 p . s . i . ) ,  the flame gas hydrogen (40 p . s . i . ) ,  and the 

remainder a i r  (20 p . s . i . ) .  The temperature was 225° C.

Chromatography o f h a lf  the sample resu lted  in 4 peaks w ith  

the fo llow ing  re ten tio n  times: peak 1, 1.0 min; peak 2 , 2 .7  min;
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peak 3» 3 .5  min; peak 4 , 3 .9  min. Peak 2 corresponded to  underivatized  

testosterone; none o f the remaining peaks corresponded to  dihydrotes to - 

sterone (re te n tio n  time 4 .3  min) and were not id e n t if ie d . The con­

cen tra tio n  o f testosterone was determined by in te g ra tin g  the area under 

the curve, and gave a value o f 168 ng. Correction o f th is  value fo r  

procedural losses and a liq u o t taken resu lted  in a f in a l value o f 420 ng.

Comparison o f the values fo r  testosterone obtained by the two 

procedures, 457 vs 420 ng, ind icated  th a t radioimmunoassay o f te s to ­

sterone secreted in to  the medium gave an accurate re fle c tio n  o f the 

to ta l present. No attempt was made to  id e n tify  the o ther peaks since 

these compounds did not in te r fe re  w ith  testosterone measurement by 

rad i oi mmunoassay.

C. P a r t it io n  o f testosterone between medium and testes

The experiments in the preceding sections demonstrated that 

testosterone was not m etabolized to  any s ig n if ic a n t e x te n t. The 

p o s s ib il ity  remained th a t the concentration o f testosterone In the 

medium represented an underestim ation o f the to ta ) testosterone syn­

thesized . This would occur i f  the testes  bound a s ig n if ic a n t  

fra c tio n  o f the testosterone synthesized. The fo llow ing  experiments 

demonstrated th a t the testes do bind or re ta in  a s ig n if ic a n t fra c tio n  

o f the testosterone synthesized. N evertheless, as w i l l  be shown, 

testosterone in the medium is an accurate re f le c tio n  o f the to ta l ly  

synthesized, w ith in  c e rta in  lim ita t io n s .

The f i r s t  experiment was designed to measure the movement o f 

^H-testosterone from medium to  te s te s . To each o f seven fla s k s , 2 

te s te s /f la s k  weighing 3 .8  mg, was added 0 .3  Cl o f ^H-testosterone  

(2 x 105 cpm); three o f the flasks  a lso  contained LH (16 ng /m i).
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T a b le  IV

a> Fetal te s te s , aged 20.5 days, were incubated in 3 ml medium 199 e ith e r  w ith  or w ithout

LH (16 .0  n g /m l). Testes were incubated a t 37°C under 02:C02 (9 5 :5 ) . At sp ec ified  time in te rva ls

testes were removed from the incubation fla s k  and homogenized in 0 .5  ml phosphate b u ffe r

(pH 7 .8 ; 0 .2 M ). An 0 .2  ml a liq u o t o f incubation medium was removed fo r testosterone an a lys is .

A) Testes, 2 per f la s k , were incubated as above in medium containing 0.3/*Ci ^H-testosterone  

( 1 ,2 ,6 ,7~^H -testosterone). At 0 , 0 .5 , and 1 hour the testes were removed and trea ted  as 

above and 0 .2  ml o f the homogenate counted according to the procedures described. (See

Methods). An 0 .2  ml a liq u o t o f medium was a lso  counted.

B) Testes, k per f la s k , were incubated as above in medium 199- At 0 , 0 .5 ,  1, and k hours 

testes were removed and trea ted  as above. A liquots (0 .2  ml) o f the tissue homogenate and o f 

the incubation medium were removed, extrac ted  w ith  d ie th y l e th e r , and testosterone concen­

tra t io n  determined by the radioimmunoassay previously described.

a « Testosterone concentration in 3 ml medium or testes (3 .6  m g /tes tis ) in cpm (A) or ng (B ). 

b *  R atio  o f testosterone concentration in testes:mediurn, expressed as absolute concentrations  

in to ta l weight o f testes to  medium ( to ta l)  or per u n it weight te s te s :u n it volume medium (w /v ) .

c *  1 fla s k  per time point except "0" hours, no LH (2 f la s k s ) .



T a b le  IV

P a r t i t io n in g  o f  Testosterone Between Testes and Incubation Medium w ith and without LH

Medium Medi urn + LH
Length o f ^

Incubation0 Testosterone conc. T/M Testosterone conc. T/M
(hrs) Testes Med i am Total W/V Testes Med i urn Total W/V

A. P a r t it io n in g  of ^H-Testosterone w ith Time of Incubation

0 2 x l0 3 lx l0 5 2 13 2x103 1.5 x l0 5 1.3 10

0 .5 6 x l0 3 lx l05 6 39 8x103 2 .5 x l0 5 3 27
1 8x 103 2xi05 k 29 8x1O3 1 .5 x l0 5 5 .3 *♦3

B. P arti tio n in g  o f Testosterone Synthesized by Testes
during Incubation

0 k Z . l - 5 - -

0 .5 2 6 .5 30.8 126 13 35 37 155

1 3.5 11.5 30.1* 127 7.5 61 12 88

k 7-5 28 26.8 65 10 521 2 7
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At 0 , 0 .5 ,  and 1 hour two appropriate  fla s k s , one w ith  and one w ith ­

out LH, were removed from the incubator. The testes  were quickly  

removed from the medium, homogenized in 0 .5  ml phosphate b u ffe r  

(0 .2  M; pH 7 .8 ) ,  and an a liq u o t (0 .2  ml) counted. At the same time 

an 0 .2  ml a liq u o t o f medium was counted. The resu lts  are shown in 

Thble IV . The e q u ilib ra tio n  o f the labeled testosterone between 

the two compartments was ra p id , occurring w ith in  the f i r s t  30 minutes.

At "zero" time 2% o f the to ta l counts were found in the testes; 

th is  fra c tio n  increased to  6% o f the to ta l  at 30 minutes, and then 

remained constant. LH had no e ffe c t  on the p a r t it io n in g  o f testosterone.

I f  the resu lts  are reca lcu la ted  to take into  account the  

diffe rences  in volume between the two compartments i t  becomes c le a r  

that the testes bind or re ta in  a s ig n if ic a n t  portion  o f the added 

testosterone. I f  the volumes are equalized the testes account fo r

0.12% o f the incubation system. At the beginning o f the incubation  

the testes contained about 13 times the number o f counts present in  

the medium and a t 30 and 60 minutes t h i r t y  to fo u rty  tim es. LH did  

not a ffe c t  the re ten tio n  o f testosterone by the te s te s .

The second experiment studied the movement o f endogenously 

synthesized testosterone from tissue to  medium as a function o f the 

length of the incubation. Two flasks (k  te s te s /f la s k ) ,  one contain­

ing LH (16 n g /m l), were each incubated as above fo r  0 , 0 .5 ,  1, and 

k hours. Testosterone concentrations in  medium and testes were 

measured by radioimmunoassay; th e ir  sum gave the to ta l testosterone  

synthesized a t each tim e. The resu lts  o f  the experiment are presented  

in Table IV .

In the absence o f LH, the concentration o f testosterone
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in the testes increased tw o -fo ld , and the concentration in the 

medium th re e -fo ld . From 30 minutes to  k hours the testes accounted 

fo r a constant (301) fra c tio n  o f the to ta l testosterone synthesized.

The ad d ition  o f LH to  the incubation medium doubled the 

concentration o f testosterone in the testes w ith in  the f i r s t  30 minutes. 

With continuing incubation th is  concentration remained re la t iv e ly  

constant (w ith in  the lim its  o f v a r ia tio n  o f testosterone synthesis  

by in d iv idua l groups o f te s te s ). The e ffe c t  o f LH on the ra te  o f  

testosterone synthesis was re fle c te d  in the increase in the concen­

tra tio n  o f testosterone in the medium. In the absence o f LH te s to ­

sterone synthesis increased th re e -fo ld  during the four hour incubation, 

w ith  LH there was a f i f t e e n - f o ld  increase in the amount o f te s to ­

sterone synthesized during the same time perio d . Thus, w ith  LH, the 

ra te  o f secretion  was s u f f ic ie n t ly  great such th a t the testes accounted 

fo r a progressively  sm aller fra c tio n  o f the to ta l testosterone synthe­

sized w ith  tim e, i . e . ,  from about 30% a t 0 .5  hours to 2% a t k hours.

R ecalcu lation  o f the resu lts  to account fo r d iffe rences  in  

volume between the two compartments again ind icated  a tendency fo r  the 

testes to  concentrate testostero ne.

In conclusion, measurement o f testosterone in the medium 

provides an accurate re f le c tio n  o f to ta l testosterone synthesis w ith in  

the lim its  o f testosterone p a r t it io n in g  between the two compartments. 

M etabo lite  form ation is n e g lig ib le  and the presence o f o ther compounds 

in the e x tra c t does not a ffe c t  the radioimmunoassay.

( I .  Testosterone synthesfs and LH responsiveness o f fe ta l  

testes

In the previous section i t  was demonstrated th a t the
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measurement o f testosterone in the medium during the incubation o f 

fe ta l testes  provides a re lia b le  estim ation  o f the to ta l amount o f 

testosterone synthesized. The incubation system was then applied  

to the determ ination o f testosterone synthesis and response to LH 

a t d if fe re n t  gestatio n al ages.

The g esta tio n a l ages studied were 1 4 .5 , 15.5 , 16 .5 , 18.5 

and 20.5  days. The f i r s t  series  o f experiments was concerned w ith  

the demonstration o f testosterone synthesis a t each age in the 

absence o f LH. The second study d e a lt w ith  the a b i l i t y  o f the 

testes a t each age to respond to  LH w ith  increased testosterone  

synthesis . In the la s t sec tio n , the endogenous testosterone con­

centrations o f testes and g e n ita l tra c ts  were determined a t ages 14.5 

to 21.5  days, in order to  c o rre la te  the in v it r o  find ings w ith  the 

in vivo s i tu a tio n .

A. Testosterone synthesis in the absence o f LH

The experiments in th is  section were designed to  answer 

two questions: do fe ta l  testes o f d if fe re n t  ages synthesize tes to ­

sterone, and i f  so, does the ra te  o f synthesis change w ith  age?

Synthesis o f testosterone a t each age was studied as a 

function o f the length o f incubation ( i . e . , r a t e )  ra th er than fo r  a 

predetermined tim e. The ra te  o f a sequence o f enzyme catalyzed  

reactions in which one end-product accumulates must be proportional 

to  the time o f incubation , although not necessarily  l in e a r .  This 

p ro p o rtio n a lity  may cease a t some point because o f  feedback in h ib it io n ,  

change in  substrate  concentra tion , dep letion  o f required co facto rs , 

enzyme in a c tiv a tio n , o r o ther v a r ia b le s , freq u en tly  dependent upon
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T a b le  V

Testes were incubated under standard cond itions. At selected time in te rv a ls  0 .2  ml 

a liq u o ts  o f medium were removed, ex trac te d , and the concentration o f testosterone determined 

by radioimmunoassay.

a ■ Testosterone in n g /te s tis  shown as M +_ S.D. and C.V.  (c o e ff ic ie n t  o f v a r ia tio n  S .D ./M ).

The number o f te s te s /f la s k  varied  w ith  experiment: 2 , 4 , 8 , 16 te s te s /f la s k  in experiments I

and I I ;  2 , k te s te s /f la s k  in experiment I I I ;   ̂ te s te s /f la s k  in experiments IV,  V,  V I I .  

Experiment VI had 2 flasks  a t 0 .5  hours, 1 f la s k /tim e  a t 1 and k hours, 

b *  Mean ra te  + S.D. fo r each experiment from 30 minutes to  the end o f the incubation,

c ■ Mean ra te  + S.D. o f a l l  flasks as A ra te /A t im e . The ra te  o f synthesis from 0 -  0 .5  hours

is s ig n if ic a n t ly  g reater (P ^ .0 1 )  than the mean ra te  fo r  the remainder o f the incubation  

( 1.26 + 0 . 78) .



Table V

Testosterone Synthesis by 20.5  Day Fetal Testes

Experiment

I

I I

I I I

IV

V

VI

Number of  
Flasks

4

4

2

2

1

4

Average synthesis  

C.V.

0 .5

1.16 + 0 .5  

0 .5  + 0 . 1 3  

1 . 8  + 0 . 1 6

0 .87  

1.6  + 0 . 6

1.1 + 0 . 7  
.66

Length o f Incubation (hours)'
1

2 + 0.5

1 . 1 +  0.25  

2 . 3  + 0 . 6  

2 + 0 . 0 5

2 .8

1 . 8  + 0 . 6  

.33

4.3 + 0 .7  

1.9 + 0 . 6

3.4 + 0.1 

2.8  + 0 .04

1.6

3.5 + 1.2 

.34

8 .9  + 0 .4  

3 . 6 + 0 . 6  

5 . 8 + 1
5 .9  + 1 

3

7

6.1 + 2 .4  

.39

Rateb 
(n g /te s t is /h r )

16 + 4 . 5

8.4  + 2

7.5 + 0 .7

11 t 5 
.45

2 . 2 8  + 1.1 

I + 0 .5  

1.44 + 1.3  

1 . 2  + 0 . 7  

0.96  + 0.66  

1 .9  + 1 .0 8

1.6 .78

Time In te rv a l (hrs) 

Rate (n g /te s t is /h r )  

C.V.

Rate o f Testosterone Synthesis wi th Timec

2 - 40 - 0 . 5  0 . 5 - 1  1 - 2

2 .8  + 1.2 1 . 3 +  0 .66  I .3 + 0 .7  

0.43  0 .45  0.55

4 - 8

1.4 + 0 . 7  1 . 1 5 + 1 . 1

0 .5  0 .95



Figure 7. Synthesis o f testosterone by 20.5  day fe ta l testes  

as a function o f time o f incubation in 6 in d iv id u a l experiments. 

Testes were incubated under standard conditions and a t sp ec ified  

time in te rv a ls  0 .2  ml a liq u o ts  o f medium were removed, ex trac te d , 

and the concentration o f testosterone determined by radioimmuno­

assay. Mean testosterone synthesized, in n g /te s t is , shown fo r  

each experim ent. The number o f flasks/experim ent and te s te s /f la s k  

is : I and I I ,  k flasks  each (2 , k, 8, 16 te s te s /f la s k );  I I I ,

2 f lasks (2, te s te s / f la s k ) ;  IV, 2 f lasks  (4 te s te s / f la s k ) ;

V, 1 fla s k  (4 te s te s /f la s k );  V I ,  2 flasks  a t 0 .5  hours, 1 fla sk  

each a t 1 and 4 hours (k te s te s /f la s k ) .
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the conditions of a p a r t ic u la r  in v i t r o  sytem. Further, enzyme- 

catalyzed reactions are d ire c t ly  proportional to enzyme concentration , 

o r , in a crude tissue  system, to tissue concentration. In order 

to  obtain v a lid  data on reaction v e lo c it ie s , which w i l l  in turn  

perm it comparisons w ith  each o th e r, such p ro p o rtio n a lit ie s  must be 

demonstrated. For these s tu d ies , testosterone synthesis by 20.5  

day testes was used as a model system w ith  which to demonstrate 

p ro p o rtio n a lity  o f synthesis to  time and tissue w eight.

1. Testosterone synthesis by 20.5  day testes

The synthesis o f testosterone by 20.5  day testes  

was studied in s ix  experiments comprising 17 flasks and four tissue  

concentrations. The resu lts  o f these studies are presented in 

Figure 7 and Table V. The mean ra te  o f testosterone synthesis was 

1.6 + 0 . 7 8  n g /te s t is /h r .  At th is  age testosterone synthesis was 

usually  lin e a r  w ith  time from 30 minutes onward, although there was 

a s lig h t tendency fo r  the ra te  to  decrease a f te r  k hours. The i n i t i a l  

ra te  o f synthesis (0 -  30 minutes) was s ig n if ic a n t ly  g reater than the 

mean ra te  fo r  the remainder o f the incubation, 2 .8  vs 1.6 n g /te s t is /h r .  

This re s u lt was not unexpected since the studies on the p a r t it io n in g  

o f endogenously synthesized testosterone demonstrated that the con­

cen tra tio n  o f testosterone in the testes decreased from 0 to  30 

minutes, w h ile  the concentration o f testosterone in the medium in ­

creased from "non-detectable" to 6 .5  ng a t 30 minutes. Thus, from 

0 to 30 minutes the concentration o f testosterone in the medium 

represents not only synthesis but a lso  release o f preformed tes tostero ne.

The synthesis o f testosterone up to  k hours was not a ffe c ted  

by the concentration o f testosterone in the medium nor by the incu­
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bation cond itions. This is shown not only by the re la t iv e  constancy 

in the production ra te , but a lso by the p ro p o rtio n a lity  o f synthesis  

w ith  tissue concentration (Table V I I ) .  At 4 hours the concentration  

o f testosterone in the medium increased p roportionate ly  w ith  the 

concentration o f tissu e  in the incubation f la s k , whether the resu lts  

are based on the number or weight o f the tes tes .

2. Testosterone synthesis by 14.5,  15.5,  16.5 , and 18.5 

day fe ta l testes

The incubation system was used to study the ra te  o f 

testosterone synthesis a t younger gestation al ages. The number o f 

experiments a t each age was reduced from th at a t 20.5 days, since 

the v a r ia tio n  in ra te  over 6 experiments and 17 flasks (61.9%) was 

not too d if fe re n t  from th a t o f w ith in  experiment flasks (range: 42 -

69.7% ).

In the ra t the te s t is  is f i r s t  recognizable on day 14.5  

o f gestatio n . At th is  age testosterone was not measureable by 

radioimmunoassay a t any time up to 18 hours o f incubation.

The a b i l i t y  o f fe ta l  testes  to synthesize testoserone 

appeared on day 15.5.  At th is  age the mean ra te  o f testosterone  

synthesis was 0 .32 + 0 .22  n g /te s t is /h r .  From 15.5 to 16.5 days the 

ra te  increased s ig n if ic a n t ly  to 0 .6 8  + 0 . 3 5  n g /te s t is /h r .  From 16.5  

to 20.5 days the ra te  o f synthesis increased wi th age, although the 

increase was not s t a t i s t i c a l l y  s ig n if ic a n t (P Z ..0 5 ) . At 18.5 days 

the mean syn th etic  ra te  was 1.02 + 0 . 0 6  n g /te s t is /h r ,  and a t 20.5  

days, 1.6 + 0 . 7 8  n g /te s t is /h r  (F igure 8; Table V I ) .

As was described above, the rate  o f synthesis a t 20 .5  days 

was constant from 0 .5  to 4 hours, and then declined n o n -s ig n ific a n tly
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Testosterone Synthesis as a function o f T estis  Age and Length of Incubation

Number o f Length o f Incubation (hou \ ars) Rate*3
Age Flasks 0 .5 1 2 4 8 (n g /te s t is /h r )

15.5 2 0 .32  + 0 . 1 3 0 .48  + 0 .2 0 .67  + 0 .2 1.2 + 0 .5 1.8 + 0 .7  0 .32  + 0.22

16.5 3 0 .67  + 0 . 1 3 0 .95  + 0 .2 1.7 + 0 . 3 2 .8  + 0.2 4.8 + 0 .8  0 .68  + 0.35

18.5 5 0 .5  + 0 . 0 5 0.91 + 0.2 2 + 0.5 4.2 + 1.4 1.02 + 0.06

2 0 .5 ° 17 1.1 + 0 . 7 1.8 + 0 . 6 3.5 + 1 . 2 6.1 + 2.4 11 + 5  1.6 + 0 . 7 8

Testes v;ere incubated under standard cond itions. At selected time in te rv a ls  0 .2  mi 

a liq u o ts  o f medium were removed, ex trac ted , and the concentration o f testosterone determined 

by radioimmunoassay.

a *  Testosterone in n g /te s tis  shown as M + S.D. The number o f te s te s /f la s k  varied wi th  

age: 8 and 16 a t 15.5 days; 4 and 8 a t 16.5 days; 4 , 8, 16 a t 18.5 days,

b *  Mean ra te  + S.D. fo r  each age from 30 minutes to the end of the incubation.



Figure 8. Synthesis o f testosterone as a function  o f age and 

length o f incubation by fe ta l  testes aged 15*5,  16.5,  18.5,  and 

20.5  days. Each point represents mean synthesis ( in  n g /te s t is ) :  

a t 15-5 days, 2 flasks  (8 , 16 te s te s /f la s k );  a t 16.5 days, 3 

flasks  (4 , 8 te s te s /f la s k ) ;  a t 18.5 days, 5 flasks  (4 , 8 , 16 

te s te s /f la s k );  a t 20.5  days (2 , 4 , 8 , 16 te s te s /f la s k ) .  Testes 

were incubated under standard cond itions. At selected time 

in te rv a ls  0 .2  ml a liq u o ts  o f medium were removed, ex trac ted , 

and the concentration o f testosterone determined by raiioimmunoassay.
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from k to  8 hours. This patte rn  was repeated a t 15-5 and 16.5  days.

At 18.5 days there was a tendency fo r the ra te  to decrease from 0.5  

to  1 hour, followed by an increase in ra te  from 1 to  2 hours. The 

possible s ig n ific a n ce  o f th is  short-term  decline  in  ra te  is unclear; 

more experiments are needed to resolve th is  p o in t. As at 20 .5  days, 

the i n i t i a l  syn th etic  ra te  (0 to 30 minutes) was somewhat g rea te r  

than the ra te  fo r the remainder o f the incubation, although not 

s ig n if ic a n t ly  so.

Testosterone synthesis was proportional to  tissue weight 

a t 16.5 days and a t 18.5 days fo r k and 16, but not 8 te s te s . At 15-5 

days the resu lts  are based on one flask  per tissue concentration , and 

so no conclusions regarding p ro p o rtio n a lity  o f testosterone synthesis  

wi th tissue weight can be drawn a t th is  age (Table V I I ) .

The fin d in g  th a t the synthesis o f  testosterone a t each age 

was proportional to  time from 0 .5  to  k hours meant th a t any change in  

ra te  w ith LH would most l ik e ly  be a re fle c tio n  of the syn th etic  capa­

b i l i t i e s  o f the testes and not an a r t i f a c t  o f the incubation system. 

With th is  in mind, the incubation system was used to  determine the 

responsiveness o f fe ta l  testes to  LH.

B. The response o f fe ta l testes to LH

The a b i l i t y  o f fe ta l testes  to synthesize testosterone did 

not necessarily  in d ica te  that the testes would respond to LH wi th  

increased testosterone synthesis. However, i t  did seem l ik e ly  that 

once LH responsiveness had been demonstrated a t a p a r t ic u la r  age, 

o ld e r age testes would a lso respond to LH, and th a t the responsive­

ness would increase, although not necessarily  s ig n if ic a n t ly ,  w ith  age.
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Table VI I

Testosterone Synthesis by Fetal Testes: P ro p o rt io n a lity  to Tissue Weight

Number o f Testes per Flask3
1 --------------------------- — i r -------------------------------------re-

oo

Age

15.5 -  -  13 (29) 13 (21)
16 .5  -  12 + O.k 21 ( 18)

18.5 -  19 + 6 (18 + 7) 22 (22) 71 (72)

20.5 11 + 6 .6  (6 + 5) 26 + 1 1  (16 + 12) 50 + 22 (26 + 19) 102 + (50 + 51*)

Testes were incubated under standard conditions; the concentration o f testosterone  

in the medium a t 4 hours was determined by radioimmunoassay. The number o f flasks  per 

tissue concentration a t each age was: a t 15.5 days 1 f la s k /t is s u e  concentration;

a t 16.5 days 2 flasks  wi th k te s te s , 1 f la s k  wi th 8 tes tes; a t 18.5 days 3 flasks  of 

A te s te s , I f l ask  a t  8 te s te s , 1 f la s k  a t 16 tes tes; a t 20.5  days 3 flasks a t 2 

te s te s /f la s k , 3 flasks  a t 4 te s te s /f la s k , 2 flasks  a t 8 te s te s /f la s k , 2 flasks  a t 

16 te s te s /f la s k .

a = Concentration o f testosterone a t k hours; resu lts  shown as testosterone in ng/3 ml medium 199. 

Value in parentheses: testosterone in ng/mg wet weight X number o f te s te s .



Figure 9. Testosterone synthesis by 20.5 day fetaJ testes in 

response to increasing concentrations o f  LH added to the incubation 

medium. Testes, V f l a s k  (fo r  16 ngLH/ml 2 , k ,  8, 16 te s te s / f la s k )  

were incubated under standard conditions in medium 199 to 

which had been added LH (0.8  to 160 ng/m i). The concentration  

o f  testosterone in the medium a t  4 hours (mean + S.D. )  was 

determined by radioimmunoassay; the number o f flasks/LH dose 

is given in parentheses. The increase in testosterone synthesized 

wi th LH dose is  s ig n if ic a n t  (P<.05) from 0 .8  to 16.0 ng/mi.
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T a b le  V I I I

Testes were incubated under standard conditions in medium 193 containing LH (16.0 ng/ml).  

At selected time in te rva ls  0 .2  ml a liquots  of medium were removed, extrac ted , and the 

concentration o f testosterone in the medium determined by radioimmunoassay, 

a *  Testosterone in n g /te s t ls  shown as mean + S.D. and C.V. (c o e f f ic ie n t  o f v a r ia t io n  *

S .D ./M ). The number of te s te s / f la s k  varied with the experiment: 2, A, 8, 16 te s te s /

f la s k  in experiments I and I I ;  4, 8 te s te s / f la s k  in experiment I I I ;  4 te s te s / f la s k  in 

experiemnts IV, V, V I .  Experiment VI had 2 flasks a t  0 .5  hours; 1 f la s k  each a t  1 and 

4 hours.

b *  Mean ra te  + S.D. of a l l  f lasks as A ra te /A t im e .  The ra te  o f synthesis from 1 - 4 

hours is s ig n if ic a n t ly  greater (P<.02) than the ra te  fo r  0 - 0 .5  and 4 - 8  hours.



T a b le  VI 11

Testosterone Synthesis by 20.5  Day Fetal Testes: The E ffe c t o f LH Stimulation (16.0 ng/ml)

Number of Length of Incubation*1
Experiment Flasks 0 .5 1 2 4

1 4 2 + 0 .9 11 + 5 42 + 20 115 + 4 7 225

11 8 1 . 6 +  .6 10 + 3 47 + 5 116 + 1 7

111 2 4.7  + 1.7 15 + 4 53 + 8 116 + 3 3 198

IV 1 - 25 57 123

V 1 2 - 15 40

VI 4 8 .8  + 2 18 - 143

Average synthesis 2 + 0 .9 12 + 5 47 + 1 3 121 + 26 210

C.V. 0.45 0.42 0 .28 0.21

Rate of Testosterone Synthesis wi th Time*5

Time In terva l (hrs) 0 -  0 .5 0 .5  -  1 1 -  2 2 - 4 4 -

Rate (n g / te s t is /h r ) 6 .9  + 4 .7 15 + 5 . 8 3 6 + 9 39 + 10 27 +

C.V. 0 .68 0.39 0.25 0.26 0.!

201*

.05



Figure 10. Synthesis o f testosterone by 20.5 day fe ta l  testes as 

a function of time o f incubation: the e f fe c t  o f LH (16.0 ng/m i).

Mean testosterone synthesis with LH ( •  •  ) and without LH

(OLH, ®— ®) fo r  the 6 experiments shown in Figure 7. Testes 

were incubated under standard conditions in medium 199 con­

ta in ing  LH (16.0  ng /m l). At specified  time in te rva ls  0 .2  ml 

a liquots  o f medium were removed and the concentration of 

testosterone determined by radioimmunoassay. Mean testosterone  

synthesized, in n g / te s t is ,  shown fo r  each experiment. The 

number of flasks/experim ent and te s te s / f la s k  is: 1 , 4  flasks

(2, 4 , 8, 16 te s te s / f la s k ) ;  11, 8 flasks (2 , 4 8, 16 te s te s /  

f la s k ) ;  I I I ,  2 f lasks (4 , 8 te s te s / f la s k ) ;  IV and V 1 f lask ,  

each (4 te s te s / f la s k ) ;  V I ,  2 flasks a t 0 .5  hours; 1 f la s k  each 

1 and 2 hours (4 te s te s / f la s k ) .
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The increase in testosterone synthesis was studied not only 

in terms of the maximum increase in the ra te  o f testosterone synthesis  

fo r  each age, but also in terms o f the capacity o f  the testes to  

sustain th is  rate fo r  the duration of the experiment. Testosterone  

synthesis a t 18.5 and 20.5 days was studied a t increasing concentra­

tions of LH in order to demonstrate a dose-response re la t io n s h ip  

between the concentration of LH in the incubation medium and the 

ra te  o f testosterone synthesis. In a d d it io n , these studies also  

served to substantiate  the f inding of increased response to LH 

w ith  increased age. This las t point is o f  p a r t ic u la r  in te re s t ,  

since any hypothesis regarding the ro le  o f  the fe ta l  p i tu i ta r y  in 

the regulation of te s t is  function must take in to  account the pre­

sumed low levels o f c irc u la t in g  LH in the fe tus .

1. Response o f 20.5 day testes to LH

The rate o f  testosterone synthesis by 20.5  day

testes was studied f i r s t ,  since the resu lts  a t th is  age would determine 

i f  m odifications in the incubation system would be necessary.

At 20.5 days the response o f  the testes to  increasing con­

centrations o f LH added to the incubation medium was studied f i r s t ,  

in order to ascerta in  a t  what dose testosterone synthesis was stimu­

lated  maximally (Figure 9 ) .  The concentration to  testosterone in the 

medium a f t e r  k hours o f incubation increased w ith the dose o f  LH, 

from 0 .8  to  160 ng/ml. At a dose of 16 ng/ml testosterone synthesis 

was a t or near maximal rate and th is  concentration o f LH was used 

in a l l  fu r th e r  experiments a t th is  age.

At an LH concentration of 16 ng/ml testosterone synthesis  

was increased markedly over that seen w ithout LH (Figure 10). Exami-
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nation o f testosterone synthesis w ith  LH fo r  the s ix  experiments shown 

indicates that the ra te  of testosterone synthesis is constant from 1 

to ** hours. The maximum rate  o f  synthesis was 39 + 10 n g / te s t is /h r  

(Table V I I I ) ;  th is  represented a tw enty-fo ld  increase in the ra te  of  

synthesis over that seen without LH (1 .6  + 0 . 7 8  n g / t e s t is /h r ) .  From 

an i n i t i a l  level o f  6 .9  n g / te s t is /h r  (0 to 30 minutes), the rate  

doubled by 1 hour and between i  and 2 hours doubled again to i ts  

maximum. Although the ra te  o f synthesis declined s ig n if ic a n t ly  a f te r  

hours i t  remained above the unstimulated level (even a f te r  18 hours 

in one experiment).

The marked increase in testosterone synthesis in response 

to LH is c le a r ly  a measure of the capacity o f  20.5 day testes to 

synthesize testoserone. Calculation of th is  capacity , in terms of  

the concentrations o f testosterone in the medium at any time is given 

by the response r a t io :

Testosterone (n g /te s t is )  w ith  LH a t time " t"

Testosterone (n g /te s t is )  w ithout LH a t time " t"

The change in response to LH with time of incubation is shown in Figure 11 

fo r  the s ix  experiments d e ta iled  in Table V I I I .  The increase in re­

sponse p a ra l le le d  the increase in the rate of synthesis w ith time, 

reaching a maximum o f 2 0 .5 .  The response to LH was h igh ly  repro­

ducible among experiments; examination o f experiment V in Figure 10 

indicates that even when the rates o f synthesis, both w ith  and without 

LH were low, the d iffe ren ce  ( i . e . ,  response ra t io )  was w ith in  expected 

va1ues.
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Figure 11. Responsiveness of 20.5 day testes to LH (16.0

ng/ml) w ith  time o f  incubation. Response to LH was measured

as the response ra t io  ■

testosterone (ng/test?s with LH a t time Mt “ 

testosterone (n g / te s t is )  w ithout LH a t  time " t"

Mean response ra t io  + S.D. fo r  the 6 experiments shown in 

Figures 7 and 10. Response increased s ig n if ic a n t ly  (P < .0 5 )  

from 0 .5  to 2 hours.
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The maximum response r a t io  was reached a t 2 hours and 

did not decline fo r  the remainder o f the incubation. Recalculation  

o f  the response ra tios  in terms o f the rates o f testosterone both 

with and w ithout LH, indicates that the change in ra te  under both 

conditions is s im i la r ,  and a decline in rate with LH is matched by 

a corresponding decrease in the basal ra te ,  the ra t io  o f  which is 

constant.

The incubation system was then applied to the determination  

o f the responsiveness to LH by testes from younger aged fetuses.

2. Response of testes aged 14.5 , 15.5, 16.5 , and 18.5 

days to LH

Except a t  18.5 days, no attempt was made to study 

the synthesis o f testosterone in response to increasing levels  o f  

LH. There were two major purposes to th is  study. The f i r s t  was to 

determine i f  the a b i l i t y  to  respond to LH occurred a t a la te r  stage 

in development than the a b i l i t y  to synthesize testosterone. The 

second purpose was to determine i f  testosterone synthesis with LH 

followed the same developmental pattern  as testosterone synthesis 

without LH. The concentration o f LH used a t 15.5 and 16.5 days 

(160 ng/ml) was selected since a t  18.5 days synthesis was maximum 

a t 64 ng/m l.

Incubation of 14.5 day fe ta l  testes with 360 ng LH/ml fo r  

up to 18 hours fa i le d  to reveal any evidence o f responsiveness to 

LH. Since testes from th is  age did not synthesize measureabie 

q u an tit ies  o f  testosterone without LH, i t  Is unclear i f  the lack of  

response to LH is due to an in a b i l i t y  to synthesize testosterone, 

respond to LH, or both.
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Table IX

Testes were incubated under standard conditions in Medium 199 containing LH (a t 15.5vo
Va I

days, 160 ng/ml; a t  16.5 days, 160 ng/ml; a t 18.5 days, 6** ng/ml; a t 20.5 days, 16 ng/m l). 

At selected time in te rva ls  0 .2  ml a liquots  o f medium were removed, extrac ted , and the 

concentration o f testosterone in the medium determined by radioimmunoassay, 

a ■ Testosterone in n g /te s t is  shown as mean + S.D. The number o f  te s te s / f la s k  varied  

w ith  age and f la s k :  8, 16 te s te s / f la s k  a t 15-5 days, 4, 8 te s te s / f la s k  at 16.5 days;

h,  8 , 16 te s te s / f la s k  at 18.5 days, 2, A, 8, 16 te s te s / f la s k  a t 20.5 days, 

b *  Mean ra te  + S.D. in n g / te s t is /h r  w ith time of incubation fo r  each age. Underlined 

values ind icate  mean ra te  fo r  that time in te rva l is s ig n if ic a n t ly  d i f fe r e n t  (P < .05) 

from rate  fo r  remainder o f incubation.



Table IX

Testosterone Synthesis by Fetal Testes as a function of Age and LH Stimulation

Number of Length o f Incubation3
Age Flasks 0.5 1 2 4 8

15.5 3 1 + 0 . 1 7 1 .6 + 0 .5 2 .9  + 0 .9 4.6 + 0 .9 6 .9  + 2

16.5 6 2 .7  + 0 .9 6 .6 + J.3 12 + 3 17 + 4 29 + 6

18.5 6 6 .6  + 3.6 14 + 6 28 + 6 49 + 17

20.5 20 2 + 0 . 9 12 + 5 47 + 13 121 + 26 210 + 10

Rate o f Testosterone Synthesis with Time**

Time In terva l
Age 0 -  0 .5 0 .5  - 1 1 -  2 2 -  4 4 -  8

15.5 7.2 + 0 . 3 1.1 + 0 .8 1.3 + 0 .7 0.9 + .06 0 .6  + 0 .3

16.5 5 .4  + 1.7 8 .8  t 1.1 5 .3  + 1.1 3.1 + 0 .5 2.6  + 1.1

18.5 6 .3  + 2 .2 20 + 13 15 + 10 11 + 0 .6

20.5 6 .9  + 4 .7 15 + 5.8 36 + 9 39 + 10 27 t  16

v£



Figure 12. Synthesis of testosterone as a function of age 

and length o f incubation: the e f fe c t  o f LH. Testes aged 15 .5 ,

16.5, 18,5, and 20.5 days were incubated under standard 

conditions in medium 199 containing LH: a t  15.5 and 16.5 days,

160 ng/ml; a t  18.5 days, 6k ng/ml; a t  20 .5  days, 16.0 ng/ml.

At selected time in te rva ls  0 .2  ml a liquots  o f medium were 

removed and the concentration of testosterone determined by 

radioimmunoassay. Each point represents mean testosterone  

synthesi*ed ( in  n g / te s t is ) :  a t  15.5 days, 3 flasks (8, 16

te s te s / f la s k ) ;  a t 16.5 days, 6 f lasks (k,  8 te s te s / f la s k ) ;  a t

18.5 days, 6 f lasks (k,  8, 16 te s te s / f la s k ;  a t  20.5 days, 20 

f lasks (2 , k, 8, 16 te s te s / f la s k ) .  Testosterone synthesis in 

the absence o f  LH (OLH) is included a t  each age (Figure 8 ) .
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One day la t e r ,  a t 15*5 days, the testes not only synthesize  

testosterone but respond to LH w ith  increased testosterone synthesis.

At th is  age, LH (160 ng/ml) increased the ra te  o f  synthesis from a 

mean of 0 .32  n g / te s t is /h r  to a maximum o f 1.3 n g / te s t is /h r .  The ra te  

of synthesis w ith LH did not change s ig n if ic a n t ly  w ith  time o f  incu­

bation (Figure 12; Table IX ) .  The capacity o f  15.5 day fe ta l  testes  

to respond to LH, as measured by the response r a t io s ,  was maximal 

at 2 hours; however, th is  value did not change s ig n if ic a n t ly  with  

time (Figure 14).

As expected, the a b i l i t y  to respond to LH increased with age 

(Figures 12, 14; Table IX ) .  At 16.5 days, LH (160 ng/ml) increased 

the ra te  o f synthesis te n -fo ld  over the basal ra te  (0 .68  vs_ 8 .8  ng/ 

t e s t is /h r ,  respective ly ) and a lte re d  the l in e a r i t y  o f  synthesis with  

time. The maximum synthetic  ra te  was reached between 30 minutes 

and 1 hour (Figure 12); by two hours the ra te  had declined to  that 

seen w ith  LH i n i t i a l l y .  This tra n s ito ry  increase in rate  was r e f le c t ­

ed in the response level ( i . e . ,  response r a t io )  reached with time of 

incubation (Figure 14): the capacity fo r  testosterone synthesis

increased s ig n if ic a n t ly  from 30 minutes (4 .0 )  to 2 hours (7 .3 )  and 

then decreased s l ig h t ly .

At 18.5 days testosterone synthesis was studied a t four 

concentrations o f  LH, ranging from 1.6 to 160 ng/ml (Figure 13).  An 

LH concentration of 64 ng/ml resulted in maximal testosterone synthesis, 

although the dose response curve could have reached a plateau between 

16 and 64 ng/ml. At th is  age 64 ng LH/ml increased the synthesis o f  

testosterone from the control ra te  o f 1.02 n g / te s t is /h r  to a maximum 

o f  20 n g / te s t is /h r  (Figure 12; Table IX ) .  This increase represented
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a maximum response level reached o f 15.4 (response ra t io )  and occur­

red at 1 hour. Although both the rate and response ra t io s  tended 

to change with time, the change was not s ig n i f ic a n t .  Since a l l  

experiments at th is  age were terminated a t  4 hours o f incubation, 

the possible s ign if icance o f th is  trend could not be evaluated.

The synthesis o f testosterone w ith  LH, although proportional  

to time fo r  only a portion o f the incubation at most ages, was pro­

portional to tissue concentration. Except a t 15.5 days the concen­

t ra t io n  o f  testosterone in the medium a t 4 hours was d i r e c t ly  pro­

portional to the concentration o f tissue in the incubation flasks  

(Table X ) .

Comparison of the e ffe c ts  o f LH on testosterone synthesis  

a t each age indicated a developmental pattern  in terms o f both the 

ra te  o f synthesis and the a b i l i t y  to increase synthesis over basal 

leve ls  ( i . e . ,  response r a t io s ) .  The maximum synthetic  ra te  increased 

s ig n i f ic a n t ly  with age from 15.5 to  20.5 days, w hile  the unstimu­

lated  ra te  increased s ig n i f ic a n t ly  only from 15.5 to  16.5 days. At

15.5 days, LH increased the rate o f synthesis to tha t seen a t  20.5  

days w ithout LH, but a t the other ages the stimulated ra te  was greater  

than the basal rate at 20.5 days.

The capacity to synthesize testosterone in response to LH, 

as measured by the response r a t io s ,  also increased s ig n i f ic a n t ly  from

15.5 to 18.5 days, but not from 18.5 to 20.5  days. Comparison of the 

change in maximum response level reached a t each age with that o f  the 

change in the basal rate o f  testosterone synthesis with age, indicates  

that the pattern  o f  Increase is s im i la r  in both instances, (compare 

Figure 15 with Table V I ) .  From 15.5 to 16.5 days the basal synthetic
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Figure 13- Testosterone synthesis by 18.5 day fe ta l  te s t is  

in response to increasing concentrations of LH added to the 

incubation medium. Testes (4 , 8, 1 6 /f lask ) were incubated 

under standard conditions in medium 199 to which had been 

added LH (1 .6  to 160 ng/m l). The concentration o f testosterone  

in the medium a t 1 hour (mean + S.D.) was determined by radio­

immunoassay; the number o f flasks/LH dose is given in parentheses. 

The increase in testosterone synthesized w ith LH dose is 

s ig n if ic a n t  (P ^ .05) from 1.6 to 64 ng/ml.
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Figure 14. Responsiveness o f fe ta l  testes aged 15.5, 16.5 , 18.5

and 20.5  days to LH w ith  time o f incubation. Response to LH

(M + S.O.) was measured as the response ra t io  ■

testosterone (n g /te s t is )  w ith  LH a t  time " t"

testosterone (n g /te s t is )  w ithout LH a t  time " t"

Mean response ra t io  + S.D. fo r  15.5 days (160 ngLH/ml); 16.5

days (160 ngLH/ml); 18.5 days (64 ngLH/ml); fo r the experiments

shown in Figures 8 and 12. Mean response + S.O. a t  30 minutes

for 15.5 days was 3.2 + 0 .3 ;  16.5 days 4 + 0 .9 ;  18.5 days 10 + 6 .

At I hour mean response + S.O. fo r  15.5 days was 3.2 + 1;

16.5 days, 6 .7  + 1.6; 18.5 days, 15.6 + 2 .  Mean response a t  30

minutes for 18.5 day testes was s ig n if ic a n t ly  greater (P < .0 5 )

than a t  other ages. For 20.5 days see Figure 11.
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Table X

Testosterone Synthesis by Fetal Testes: P ro p o rt io n a lity  to Tissue Weight

Number o f Testes per Flask3
2- ----------------------- 4-----------------   5---------------------------- TIT

Aae

15.5 -  -  40 + 4 (66 + 28) 58 (92)

16.5 -  6 6 + 1 8  (57 + 15) 142 + 31 (101 + 26)

18.5 -  1 4 6 +  41 ( 1 4 6 + 5 3 )  266 + 26 ( 2 7 6 + 1 2 )  523 (615)

205 217 + 63 (100 + 14) 381 + 115 (231 + 92) 1053 + 202 (518 + 28) 2061 + 385 (1255 + 195)

Testes were incubated under standard conditions in 3 ml medium 199 containing LH: at

15.5 and 16.5 days, 160 ng/ml; a t  18.5 days, 16 and 64 ng/ml; a t 20.5 days, 16 ng/ml. The

concentration o f testosterone in the medium at 4 hours was determined by radioimmunoassay. At

each age the number o f f lasks per tissue concentration was: a t 15-5 days 2 flasks a t  8

te s te s / f la s k ,  1 f la sk  a t 16 testes; a t 16.5 days 3 flasks a t 4 te s te s / f la s k ,  2 flasks a t  8

te s te s / f la s k ;  a t  18.5 days 5 flasks a t 4 te s te s / f la s k ,  2 flasks a t  8 te s te s / f la s k ,  1 f la sk  at

16 te s te s / f la s k ;  a t 20.5 days 3 flasks a t 2 te s te s / f la s k ,  4 flasks a t 4 te s te s / f la s k ,  4 flasks  

a t 8 te s te s / f la s k ,  3 flasks a t 16 te s te s / f la s k .

a = concentration of testosterone a t  4 hours in: ng/3 ml medium 199.

Values in parentheses: testosterone in ng/mg wet weight x number o f testes.
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ra te  doubled, as did the maximum response level reached. From 16.5 to

18.5 days the rate o f synthesis without LH increased about 1.5 times, 

and from 18.5 to 20.5 days increased s l ig h t ly .  The maximum response 

level reached from 16.5 to 18.5 days increased two-fold and by 20.5  

days, about 30%. The possible implications o f th is  developmental 

pattern  w i l l  be discussed la t e r .

At 20.5 days the response level a t  30 minutes was s i g n i f i ­

cantly  lower than that a t 18.5 days. However, w ith  increasing time

o f incubation, the response increased to a maximum level a t 2 to 

4 hours. The implications o f the delay in reaching maximum response 

to LH fo r  the development o f fe ta l  te s t is  function with age w i l l  be 

discussed la te r .

3. S e n s it iv i ty  and responsivity  o f fe ta l  testes to LH 

From the results  presented in the previous sections  

i t  is c lea r  that not only does the ra te  o f synthesis increase with  

age, but that fo r  any given dose o f LH the magnitude of the response 

increases with age.

Examination of the data in Table XI demonstrates that  

testosterone synthesis at 20.5 days is more sen s it ive  and responsive

to LH stim ulation than a t any other age. At 15*5 days, 160 ng LH/ml

increased testosterone synthesis fo u r - fo ld ;  a t  20.5 days a fo u r - fo ld  

increase in synthesis ( i . e .  response ra t io )  was obtained using one- 

hundreth the dose, 1.6 ng/ml. At 16.5 days, 160 ng/ml increased 

synthesis e ig h t - fo ld ;  at 20.5  days a comparable increase was obtained  

with 4 ng LH/ml. At 18.5 days, the increase in testosterone synthesis 

with 1.6 ng LH/ml is not s ig n if ic a n t ly  d i f fe r e n t  from the control value, 

whereas a t  20.5 days, an LH dose o f  0 .8  ng/ml Increased testosterone
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Figure 15. Maximum response to LH reached as a function of

te s t is  age. Response to LH measured as the response ra t io  «

testosterone (n g / te s t is )  w ith LH a t  time " t"  

testosterone (n g / te s t is )  w ithout LH a t  time " t"

Time, " t " ,  o f  maximum response and LH dose (ng/ml) varied

with age : a t  15.5 days, 2 hours a t  160 ngLH/ml; a t  16.5 days,

2 hours a t 160 ngLH/ml; a t  18.5 days, 1 hour a t  64 ngLH/ml,

a t  20.5 days, 4 hours a t  16 ngLH/ml. Response Increased

s ig n if ic a n t ly  ( P < .0 5 )  w ith age except from 18.5 to 20.5

days. Oata taken from Figures I I  and 14.
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Table XI

Maximum Response to LH Reached as a function of LH Dose

and Fetal Testis  Age

Testis  Age

LH
(ng/ml)

(days) 0 .8  1.6 4.0  16 6** 160

15.5 4 .3 (3 )

16.5 5 .6 (1 )  8 .2 (5 )

18.5 1 .4 (2 ) 9 .4 (5 )  15.4(5) 16.4(3)

20.5 2 .7 (2 )  3 .9 (2 )  7 -3 (2 ) 20 .5 (17) 24 .4 (1 )

Testes were incubated under standard conditions in medium 199

to which had been d i f fe re n t  concentrations o f  LH. The response

to LH was measured as the response ra t io :

testosterone (n g /te s t is )  w ith LH at time “ t M 
testosterone (n g /te s t is  w ithout LH a t time “ t"

At 15.5 days and 16.5 the mean maximum response to LH was

reached a t 2 hours; a t 18.5 days a t  1 hour, a t  20.5 days a t

4 hours. The numbers in parentheses ind icate  the number o f

determinations a t  each LH concentration fo r  each age te s t is .
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synthesis s ig n i f ic a n t ly .  At 18.5 days maximal s tim ulation  was reached 

a t an LH concentration of 64 ng/ml; th is  contrasted w ith  a maximal 

dose o f 16 ng/ml a t 20.5 days.

k.  S p e c i f ic i ty  of the response to LH

The increase in testosterone synthesis by 20.5 day

tes tes , in response to gonadotropic s t im u la t io n , appears to be sp ec if ic  

fo r  LH. The addition o f FSH and P ro lac tin  to the incubation medium, 

a t concentrations (16 and 160 ng/ml) which resulted in maximal LH 

s tim ulation  of testosterone synthesis, did not increase the ra te  of 

testosterone synthesis over that seen in the absence o f LH. P ro lactin  

&00 or 400 ng/ml) plus LH (16 ng/ml) did not increase synthesis over 

that o f LH alone, a f te r  k hours o f incubation. The e f fe c t  o f FSH 

and P ro lac tin  w ith submaximal doses o f  LH was not studied; n e ith er  

was the s p e c i f ic i t y  o f  the response a t  other ages. Since no attempt 

was made to check e i th e r  the potency o f these p a r t ic u la r  lots o f  FSH 

and P ro lac tin  or th e i r  s t a b i l i t y  under the incubation conditions,  

add itional studies are needed to confirm the above find ings.

5 . Endogenous concentrations of testosterone in fe ta l

reproductive tissues

The find ing  of both testosterone synthesis and 

responsivity  to LH a t a l l  stages o f  te s t is  development except 14.5 

days, raised the question o f  the ro le  o f  testosterone in the d i f f e r ­

e n t ia t io n  o f  the in ternal and external g e n i ta l ia .  The demonstration 

o f testosterone in fe ta l  reproductive tissues a t the relevant gesta­

t iona l ages would provide strong support fo r  a role  fo r  testosterone  

In the development of the secondary sexual c h a ra c te r is t ic s .  I f  the 

concentration of testosterone in the testes increased w ith age, th is
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would a lso tend to support the In v i t r o  findings o f a developmental 

pattern  of testosterone synthesis.

Testosterone was measured in the tes tes , ducts, and lungs 

of fetuses aged 14.5 ~ 21.5 days. The results  are presented in 

Table X I I .  Testosterone was not found in lung tissue at any age. 

Testosterone was f i r s t  measureable in testes and ducts on day 15-5- 

The concentration o f testosterone in the testes increased w ith  age 

from 15.5 to 17-5 days (most markedly between 16.5 and 17*5 days), 

remained constant u n t i l  day 2 0 .5 ,  and then appeared to d e c lin e ,  

although th is  is unclear. The concentration o f testosterone in the 

gen ita l trac ts  showed no consistent pattern  w ith  age but tended to 

remain f a i r l y  constant. Thus, w ith age, synthesis and/or re ten tion  

of testosterone was favored over release into  the ducts. These 

results  are te n ta t iv e ,  and must be repeated due to the high amount 

o f v a r ia t io n  seen in re p lic a te  measurements a t  each age. However, 

these results  are consistent w ith a ro le  fo r  testosterone In the 

d i f fe r e n t ia t io n  and masculinization of the gen ita l t ra c ts .
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Table XI I

Endogenous Testosterone Concentrations in Testes and Genital Ducts

with Fetal Age

Number o f
Age Determinations Testes Genital Ducts Testes/Duct

14.5 2 <•1 -

15.5 1 0.25 0.1 2.5

16.5 3 0.56 + 0.28 O O ro + .018 23

17.5 1 2.6 0.46 5.6

18.5 2 2 .6  + 2.4 0.05 + .05 52

19.5 3 2 1 1.1 0.04 + .04 50

20.5 2 3.5 + 2.1 0.15 + .06 23

21.5 2 0.85+ .09 .026 + .008 33

Testes and gen ita l ducts were removed from fetuses and 

homogenized in 0 .5  ml phosphate b u ffe r  (0.2M; pH 7 .8 ) .  An 0 .2  ml 

a liq u o t o f the homogenate was extracted and the concentration of  

testosterone determined by radioimmunoassay. Number of de te r­

minations and mean testosterone + S.D. ( in  ng /un it  t issue) are 

shown. The number o f  testes and ducts for each determination  

varied: a t  14.5 days 60, 37, testes and ducts; a t  15*5 days 

27 te s te s j 24 ducts; a t 16.5 days 22, 34, 3** tes tes /determ ination ,

20,36 ducts/determ ination; a t 17.5 days 22 tes tes , 19 ducts; 

a t 18.5 days 18, 24 tes tes /de te rm ina tion , 18, 24 ducts /deter­

mination; a t  19.5 days 16, 32, 22 testes /determ ination , 16, 54,

20 ducts /determ ination; a t  20.5  days 10, 20 tes tes /determ ination ,

10, 20 ducts/determ ination; a t 21.5 days, 34, 52 te s te s /d e te r ­

mination, 33, 38 ducts /determ ination.

a *  r a t io  o f  mean testosterone in testes to mean testosterone in ducts.
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Discussion

The experiments presented demonstrate two important 

aspects o f f e ta l  te s t is  function in the ra t:  an increasing capacity

to synthesize testosterone de novo wi th increasing age, and the 

a b i l i t y  to respond to LH w ith increased testosterone synthesis. The 

in v i t r o  demonstration o f these two facets of te s t ic u la r  a c t iv i t y  in 

the fe ta l  period extends the time course fo r  the d i f fe r e n t ia t io n  

and maturation o f  function o f  one part o f  the h yp o th a lam ic -p itu ita ry -  

te s t ic u la r  axis into the fe ta l  period. The endogenous levels  o f  te s to ­

sterone in the testes and gen ita l trac ts  o f  male fetuses throughout 

the period o f sexual d i f fe r e n t ia t io n  o f the fetus supports a role  fo r  

testosterone in the expression of the male phenotype and confirms the 

in v i t r o  f ind ings .

Since the m ajority  o f  the experiments were concerned w ith  

the in vi tro  synthesis o f testosterone and responsiveness to LH, a 

great deal o f  emphasis was placed on determining the l im ita t io n s  of  

the Incubation system. I t  was hoped that testosterone synthesis by

20.5 day testes in v l t r o  could be used as a bioassay fo r  p i t u i t a r y  

function during fe ta l  l i f e .  Although there is in s u f f ic ie n t  data a t  

th is  time to decide whether or not th is  is fe a s ib le ,  as w i11 be 

discussed la t e r ,  i t  was determined that the concentration o f rad io -  

immunoassayable testosterone secreted in to  the incubation medium is 

a r e l ia b le  index o f  testosterone synthesis with age and LH s tim u la t io n .

The radioimmunoassay fo r  plasma testosterone developed by 

Brenner, Guerrero, Cekan, and Diczfalusy (1973) was modified to re f le c t  

the experimental conditions, I . e .  the measurement o f testosterone  

extracted from Incubation medium and tissue. The more tedious, but

111



more accurate, p ractice  o f e x trac tin g  a fresh set of testosterone  

standards fo r  each group o f  experimental samples was followed. Each 

time an assay was performed, two standard curves -  one fo r  tes to ­

sterone standards prepared in b u f fe r ,  the other fo r  standards e x t ra c t ­

ed from the incubation medium -  were performed. This enabled an 

accurate determination o f the incubation conditions each time the 

assay was performed. The experimental resu lts  were thus accepted 

or re jected on the basis o f  the agreement o f the B/BQ values a t  each 

testosterone concentration fo r  both sets o f standards with those 

previously obtained. Replicate experimental samples were assayed on 

a t least two successive days in order to account fo r  any inter-assay  

v a r ia t io n .  The concentration o f antibody used in the assay and the 

s p e c i f ic i t y  o f  the antibody fo r  testosterone were c a re fu l ly  determined.

The studies on the s p e c i f ic i t y  o f  the antibody fo r  te s to ­

sterone demonstrated that dihydrotestosterone s ig n if ic a n t ly  displaced  

3h- testosterone bound to the antibody. The need for p u r i f ic a t io n  of 

sample extracts  p r io r  to radioimmunoassay in order to separate these 

two stero ids was assessed by determining the extent o f  te s t ic u la r  

metabolism o f testosterone. Testes from both e a r ly  (16 .5  days) and 

la te  (20 .5  days) stages o f development did not metabolize testosterone  

to any s ig n if ic a n t  exten t. LH, which markedly increased testosterone  

synthesis a t both ages, did not a f fe c t  the metabolism o f testosterone.  

The results  a t 20.5 days were confirmed by g as - liq u id  chromatography, 

which, in a d d it io n , showed that o ther compounds present In the ether  

e x tra c t  did not in te r fe re  w ith the radioimmunoassay o f testosterone.

These resu lts  are in agreement w ith the studies o f  Noumora 

and co-workers (1966) who demonstrated tha t fe ta l  ra t  testes a t  a l l
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stages o f development converted progesterone to testosterone and 

a small amount o f androstenedione. In th is  respect fe ta l  testes  

more closely  resemble adult than pubertal tes tes . During the e a r ly  

stages o f puberty testosterone is extensive ly  metabolized to 5 -

reduced stero ids (Nayfeh e t  a l ,  1966) whereas in adulthood, testes  

synthesize predominantly testosterone during in v i t r o  incubation  

(Dufau e t  a l ,  1972). The c irc u la t in g  levels  o f  s tero ids in the 

male ra t  from immature through adult stages r e f le c t  th is  change in 

in vi tro  synthetic  pathways: as the ra t goes from puberty to a d u lt ­

hood, the re la t iv e  concentrations o f androstenedione and testosterone  

s h i f t  towards the l a t t e r  (Resko e t a l ,  1968) .

The measurement o f  responsiveness to LH as a change in the 

in vi t ro  synthesis o f testosterone required that the concentration  

o f testosterone in the medium accurate ly  r e f le c t  the to ta l  amount 

synthesized. The synthesis o f  testosterone and i ts  re tention  by the 

testes was studied using 20.5  day fe ta l  tes tes . LH could conceivably 

have a ffe c ted  the concentration o f testosterone in the medium by a t  

least two separate mechanisms: an e f fe c t  on synthesis or an e f fe c t

on te s t is  re tention  and/or perm eability  to testosterone. The studies  

on the p a r t i t io n in g  o f  both rad ioactive  and endogenously synthesized 

testosterone demonstrated tha t both w ith and without LH the testes  

retained a constant amount o f testosterone a f t e r  the f i r s t  30 minutes 

of the incubation. The major e f fe c t  o f  LH was to rap id ly  increase 

the concentration o f testosterone In the medium above that seen w ith ­

out LH, s ix - fo ld  in the f i r s t  hour, thus decreasing the re la t iv e  

importance o f the tes tes ' contr ibution  to the to ta l  synthesized. 

Studies on the re tention  o f  added ^H-testosterone by 20.5 day testes
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indicated that LH had no e f fe c t  on the perm eability  o f  the testes  

to testoserone. The conclusion was reached that the increase in 

the concentration of testosterone in the incubation medium is due 

to an e f fe c t  o f  LH on the ra te  o f testosterone synthesis, although 

th is  has not been conclusively demonstrated.

I t  was expected that since the synthesis o f testosterone  

is contro lled  by a series  o f enzymatic reactions ( See: Introduction)

the synthesis o f  testoterone under the in v? tro  condi tions employed 

in the present study should show p ro p o rt io n a l i ty  with time and tissue  

concentration. At 20.5 days, as a t  a l l  o ther ages, the unstimulated 

rate o f testosterone synthesis was r e la t iv e ly  constant from t h i r t y  

minutes to 4 hours, a llowing the c a lc u la t io n  of a mean synthetic  rate  

fo r each age t e s t is .  As was predicted from the studies on the 

p a r t i t io n in g  o f  testosterone a t 20.5 days, the i n i t i a l  rate o f synthesis,  

0 to 30 minutes, was greater  than the mean ra te  fo r  the remainder of 

the incubation. The high i n i t i a l  syn thetic  rate was explained on 

the basis of synthesis coupled w ith release o f pre-formed tes to ­

sterone. This has been te n ta t iv e ly  demonstrated only fo r  20.5 day 

tes tes , but a s im i la r  mechaiiism is consistent w ith the results  w ith  

younger aged te s te s . Testosterone synthesis was proportional to  

tissue weight a t  a l l  ages except fo r  15.5 days. The implications  

o f th is  f ind ing a t  15.5 days, i f  reproducib le , are unclear, implying 

as they do that testosterone synthesis a t  th is  age is not enzy­

m atica lly  regulated.

LH increased the ra te  o f testosterone synthesis a t a l l  

ages, such that the increase in medium testosterone was l in ea r  w ith  

time fo r  a t least some portion  o f the to ta l  Incubation. The tendency
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fo r  the rate o f synthesis to decline a f t e r  k hours w ithout LH was 

more pronounced with LH, p a r t ic u la r ly  at 16.5 and 20.5  days. Although 

i t  is possible that th is  decline was so le ly  the re su lt  o f the incu­

bation conditions, i t  is more l i k e ly  that i t  is a re f le c t io n  o f  the 

a b i l i t y  o f the testes to maintain a high level o f  response to LH.

The same phenomenon is observed in the incubation o f adult testes  

with and w ithout LH (Oufau e t  a l ,  1972), and in the response o f  

pubertal and a d u lt ,  but not prepubertal, testes to the in jec t io n  of  

LH (Odell e t  a l ,  1971* ) .

Since no measurements o f the concentrations o f LH in the 

incubation medium were made during or a f te r  the incubation, i t  was 

not possible to determine i f  the decrease in rate  seen with LH, 

re la t iv e  to tha t seen without LH, is the re su lt  o f  LH degradation or 

a manifestation of te s t ic u la r  "exhaustion" or " in s e n s i t iv i t y . "  I f  

the decrease in rate  were due to the degradation of LH or to i ts  

adsorbance onto the glass walls  o f  the incubation f la s k s ,  the repeated 

addition o f LH to the incubation medium should resu lt  in maintenance 

of the maximum stim ulated ra te .  I f  the defect is t e s t ic u la r ,  or  

results  from lack o f substrate , repeated transfers  o f the testes  

to fresh medium with and without LH should resu lt  in a return to  the 

high levels o f  synthesis seen o r ig in a l ly .

The experiments demonstrating endogenous testosterone syn­

thesis and responsiveness to LH w ith  developmental age represent the 

f i r s t  systematic study o f these parameters o f te s t is  function in the 

rat fe tu s . The resu lts  on the synthesis o f  testosterone in the 

absence o f LH were not e n t i r e ly  unexpected. The studies of Noumora 

and coworkers (1966) had demonstrated increased testosterone synthesis
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from progesterone w ith  increasing fe ta l  age from 14.5 days on. In 

a d d it io n , Schlegel and co-workers (1966) had demonstrated that certa in  

enzymes necessary fo r  the conversion of pregnenolone to  progesterone 

were present in the testes from day 15.9 and increased In a c t iv i t y  

to day 18 .5 .

The in vi t r o  studies presented here demonstrated tha t testes 

aged 14.5 days do not synthesize or contain testosterone. These 

resu lts  are in agreement with those o f Warren e t  a l # (1972), who 

demonstrated only cholesterol In 14.5 day te s te s .  Since testo ­

sterone synthesis a t  this age could not be demonstrated in the 

absence of LH, the fa i lu r e  to measure a response to LH was not un« 

expected. However, i t  is not c le a r  i f  the lack  of response is due 

only  to an in a b i l i t y  to synthesize testosterone. Other measures of 

responsiveness to LH, e .g . ,  the presence of LH receptor molecules, 

Increase in cyc lic  AMP and/or enzyme a c t iv i t y ,  and possible formation 

o f  testosterone precursors, are necessary to resolve th is  question.

I t  should be reca lled  that Schcib and Lombard (1971) demonstrated 

increased 3̂ 3 -hydroxysterold dehydrogenase a c t iv i t y  in 12.5 day 

mouse testes (equivalent to 14.5 day ra t tes tes) when cultured with  

ad u lt  p i tu i ta r y .

The increase in the ra te  o f testosterone synthesis from 15.5 

to  18.5 days seems to  p a ra l le l  the increase in the number o f Leydig 

c e l ls .  According to  Roosen-Runge and Anderson (1959) the number of 

Leydig c e l ls  increases from day 15 through day 19 and then declines; 

the greatest increase in the number o f  ce l ls  Is seen between 15 and 16 

days. The conversion o f progesterone to testosterone follows th is  

pattern  o f Leydig c e l l  increase but declines only  a f t e r  b ir th  (Noumora
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e t a l ,  1966). In the present study the rate o f  testosterone synthesis  

increased s ig n if ic a n t ly  from 15.5 to 16.5 days (0 .32 vs 0 .68  ng/ 

t e s t is /h r ,  re sp e c t iv e ly ) .  From 16.5 days to 18.5 days the rate  

increased to 1.02 n g / te s t is /h r ,  and by 20.5  days to 1.6 n g / te s t is /h r .  

The increase in synthetic  ra te  w ith  age from 15.5 to 18.5 days would 

seem to p a ra l le l  the increase in Leydig c e l l  number. The continued 

increase in the rate o f 20.5 days, in the face o f  declin ing numbers 

of Leydig c e lls  is consistent w ith the idea that the capacity o f the 

individual c e l ls  to synthesize testosterone increases a t th is  time.

In th is  respect i t  is in te res tin g  to reca ll  that 3 £ -hydroxysteroid  

dehydrogenase, A^,5~steroid isomerase a c t iv i t y  increased during 

development to a maximum at day 17 and then was maintained a t  a 

r e la t iv e ly  constant level u n t i l  a f t e r  b i r th  (Schlegal e t  a l ,  I 966) .

The a b i l i t y  to respond to  LH is based on a series of  

mechanisms and reactions only p a r t i a l l y  re la ted  to s te ro id  synthesis. 

Thus, there was no a p r io r i  reason to expect that fe ta l  testes would 

respond to LH. Although the mechanisms responsible fo r  increased 

testosterone synthesis in response to LH have not been f u l l y  delim ited  

(H a l l ,  1970) i t  is probable that c y c l ic  AMP is involved (Moyle and 

Ramachandran, 1973 ). ,  Whatever the steps are that lead to increased 

hydroxylation o f cholesterol a t  carbon-22, i t  would appear that a 

long series o f intermediate reactions are necessary. Thus, i t  appeared 

l i k e ly  that in the f i r s t  few days a f te r  te s t is  d i f f e r e n t ia t io n ,  one or 

more enzymes necessary fo r  the f u l l  series o f reactions to occur would 

be lacking. However, there were two lines o f evidence that tended 

to ind icate  that testes from la te -g es ta t io n  fetuses (days 19-21) would 

respond to LH. The work o f Goldman and co-workers (1971) had shown 

that u n i la te ra l  cas tra t io n  of male rats on day 3 p o s t-n a ta l ,  resulted
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in increased c irc u la t in g  leve ls  o f LH and weight o f  the remaining 

t e s t is .  The second l in e  o f evidence concerned demonstrations of  

LH (Kuznetzova, 1970) and gonadotrophs (Svalander, 197*0 in the 

p i tu i ta r ie s  o f la te -g e s ta t io n  ra ts .

The f ind ing In the present study that responsiveness to LH 

could be demonstrated on day 15 .5 , the age a t  which the testes f i r s t  

demonstrated the a b i l i t y  to synthesize testosterone, ra ther than a t a 

l a te r  stage, indicates that the Leydig c e l ls  possess both the re­

ceptors and enzymes necessary to respond to LH. These results  suggest 

that the lack o f response to LH a t 14.5 days is due to an in a b i l i t y  

to synthesize testosterone.

The results  on the increased ra te  o f testoserone synthesis 

in response to LH s tim ulation  demonstrated tha t both responsivity  and 

s e n s i t iv i t y  to LH increase w ith  age. As testes age increased the 

concentration o f LH required to increase testosterone synthesis max­

imally over basal levels  decreased. Thus, 20 .5  day testes were one- 

hundred-fold more sens it ive  to LH than 15.5 day te s te s , fo r ty - fo ld  

more s en s it ive  than 16.5 day te s te s , and 4 - fo ld  more sen s it ive  than

18.5 day tes tes . The results  would seem to suggest that the increase 

in s e n s i t iv i t y  to  LH can be d issociated from an increase in the a b i l i t y  

of the ind ividual Leydig c e l ls  to synthesize testosterone, except 

from 18.5 to 20.5  days. F i r s t ,  the basal ra te  o f testosterone synthesis  

seemed to increase as a function of the number o f Leydig c e l ls ,  w ith ­

out assuming a change in capacity per c e l l .  Second, comparison of the 

maximum response ra tios  reached a t 15*5, 16 .5 , and 18.5 days, i r r e ­

spective o f the dose o f  LH needed to get that response, indicates that  

th is  measure o f te s t is  function a lso  increases proportionate ly  w ith the
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number o f  Leydig c e lts  (compare Figure 15 with Table V I ) .  The 

increase in s e n s i t iv i t y ,  however, implies that the a b i l i t y  to  u t i l i z e  

LH becomes more e f f i c ie n t  w ith  age, and that th is  change in LH 

u t i l i z a t io n  occurs a t  some point p r io r  to the steps involving the 

d ire c t  synthesis o f testosterone.

From 18.5 to  20.5 days the increase in the ra te  o f tes to ­

sterone synthesis w ith  LH must in p art re f le c t  the increased capacity  

o f the Leydig c e lls  to synthesize testosterone. However, th a t th is  

is not the only co n trib u tin g  fa c to r a t th is  age is implied by the time 

delay a t 20.5 days in reaching the maximum response le v e l. At 20.5  

days the response leve l reached a t 30 minutes was s ig n if ic a n t ly  less 

than th a t seen a t 18.5 days. The fa c t th a t the response to  LH at 20.5  

days continued to increase w ith  time could be in te rp re ted  as "a c tiv a tio n "  

o f the mechanisms needed to respond to LH, but not to synthesise tes to ­

sterone. The ra te  o f testosterone synthesis w ithout LH decreased s ig ­

n if ic a n t ly  during the f i r s t  30 minutes o f the incubation and then 

remained r e la t iv e ly  constant, and was twice th a t seen a t 18.5 days.

From these resu lts  i t  is possible to draw some inferences  

regarding the development and regu lation  of te s tis  function  in the 

fe ta l ra t .  Testosterone synthesis and responsiveness to  LH are the 

re s u lt o f two p a r t ia l ly  independent processes both o f which change 

w ith  age. The f i r s t  process concerns the capacity  o f the Leydig c e lls  

to  synthesize testosterone. The second concerns the development o f the 

systems necessary to  respond to LH. Testosterone synthesis involves  

the a b i l i t y  to  synthesize cho lestero l and its  precursors from a ce ta te , 

and the enzyme systems necessary to transform cholestero l in to  C-19 

s te ro id s . Since the rate  o f testosterone synthesis is low a t 15.5
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days and seems to increase proportionate ly  w ith  the number o f  Leydig 

c e i ls ,  th is  would imply that from 15.5 to 18.5 days the synthetic  

capacity per Leydig ce lts  is constant. From 18.5 to 20.5 days the 

increase in synthetic  rate w ith decreasing numbers o f  Leydig c e l ls  

can be explained by assuming increased synthetic  a c t i> ‘ ty per c e l l .

The factors which control the a c t iv i t y  o f steroidogenic enzymes in 

the Leydig c e l)  ( f e ta l  or adu lt)  are not c le a r .  These could include 

increased metabolism, increased cytochrome P-i»50, or a change in the 

hormonal m il ie u .  The p o s s ib i l i ty  also ex is ts  that the increase in 

the rate o f testosterone synthesis w ith age is a re f le c t io n  not of  

increased s te ro id  synthesis but o f the predominance o f  a lte rn a te  

synthetic  pathways a t younger ages. This l a t t e r  point is u n l ike ly  

based on the work of Noumora e t  a l ,  (1966), although no attempt was 

made in the present study to measure to ta l  s te ro id  synthesis.

With respect to the second process, the response o f  fe ta l  

testes to LH increased with age in a manner suggesting that the change 

in s e n s i t iv i t y  to LH re f le c ts  a series of events p r io r  to s te ro id  

synthesis. I t  would be in te res tin g  in th is  regard to demonstrate 

e ith e r  a change in receptor a f f i n i t y  fo r  LH, a decrease in the amount 

o f  c y c l ic  AMP needed to increase testosterone synthesis w ith increasing  

age, or an increase in the concentration o f c y c l ic  AMP in the Leydig 

c e l ls  or reduced levels o f phosphodiesterase. I f  the r a t e - 1i mi ting  

step is beyond c y c lic  AMP then i t  may be necessary to look fo r  changes 

in prote in  synthesis or a c t iv i t y  o f  non-steroid re la ted  enzymes. The 

p o s s ib i l i ty  remains that LH s e le c t iv e ly  a l te rs  the pathways involved in 

ste ro id  synthesis to  reactions favoring testosterone production, although 

th is  is a moot point a t  present (Eik-Nes, 1970).
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The same p attern  o f responsiveness to LH has been demon­

s tra te d  a t the only other time the Leydig c e lls  increase in number -  

the tra n s it io n  from immature to  adu lt te s te s . In a recent study,

Odell and co-workers (197*0 demonstrated th a t the leve l o f c irc u la tin g  

testosterone increased in response to in jec ted  LH from day 10, when 

the Leydig c e lls  are not e a s ily  demonstrable, to day 60, adulthood.

With increasing age the testes became more responsive and sen s it ive  

to LH s tim u la t io n . The response leve ls  reached a t puberty and a d u lt ­

hood, as measured by the increase in testosterone synthesis over base 

le v e l ,  are almost iden tica l (16 and 18, respective ly ) to that seen in 

the present study w ith 18.5 and 20.5 day fe ta l  testes in v i t r o  (15.*♦ 

and 2 0 .5 ,  re s p e c t iv e ly ) .  Thus, the synthesis o f testosterone in 

response to LH in puberty and adulthood, which is under the regulation  

o f the negative feedback a x is ,  is s im i la r  to the response o f  fe ta l  

tes tes . Odell and co-workers a t t r ib u te  the increase in responsivity  

to LH to an e f fe c t  of FSH on the t e s t is .  Whether th is  mechanism could 

be responsible fo r  the increase in s e n s i t iv i t y  and response seen in 

the fetus is unclear, since there is no evidence that FSH or LH are  

present in the fe ta l  c irc u la to ry  system. The important point from 

the viewpoint o f  fe ta l  te s t is  function is the im plication that hormones 

other than LH can play a role  in the development of te s t is  function.

I f  the response of immature and pubertal testes to in jected  

LH can be used as a model fo r  the pred iction  o f  the in vivo fe ta l  

s itu a t io n ,  then i t  is not necessary to assume that the large concen­

tra t io n s  of LH used In these In v i t r o  studies are present in v iv o . 

N egro-V ilar  and co-workers (1973) demonstrated that from 15 days to  

30 days the concentration of LH in the plasma reaches a maximum; th is
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increase in LH is less than 2 - fo ld ,  0.0k  to 0 .06 ng/ml plasma. At 

the same time the level o f  testosterone in the plasma increases 

markedly (Resko e t a l ,  1968) and the response o f  the testes, in 

terms of c irc u la t in g  testosterone, to LH t r ip le s  (Odell e t a l ,  197**).

Thus, i t  is the a b i l i t y  o f  the fe ta l  testes to respond to LH, rather  

than the absolute concentration o f  LH, that is the key to the ris ing  

levels  o f testosterone a t puberty.

By analogy, one could expect that in the fetus the concentration  

o f  c irc u la t in g  LH could be maintained a t  a minimum while the concen­

t ra t io n  of testosterone in plasma could increase due to the increased 

responsiveness o f the testes to LH. U nfortunate ly , there Is no data 

a v a i la b le  on the levels o f  LH or testosterone in the fe ta l  ra t  c i r ­

c u la t io n . Decapitation o f ra t  fetuses on day 17 leads to decreased 

conversion of pregnenolone to testosterone at la te r  ages (Noumora 

e t  a l ,  1966) and decreased te s t ic u la r  weight and Leydig c e l l  volume 

(Eguchi and Horikawa, 1968). Gonadotrophs have been id e n t i f ie d  in 

the fe ta l  rat p i t u i t a r y  from day 19 onwards (Fink e t  a l ,  1971;

Svalander, 197**) although Behrens and Martin (1972) claim tha t these 

c e l ls  do not have the appearance o f a c t iv e ly  secreting ce lls  u n t i l  

a f t e r  b i r th .  LH has been assayed in p i t u i t a r le s  from male and female 

fetuses on the day before b ir th  (Kuznetsova, 1970) and cas tra tion  at 

th is  time resu lts  in increased leucine incorporation by the basophils 

o f  the a n te r io r  p i tu i ta r y  (Nakai e t  a l , 1972).

( f  f e ta l  testes are not under gonadotrpic regulation from the 

fe ta l  p i tu i ta r y  then the increase In Leydig c e l l  number with develop­

ment has to be explained by some other mechanism. In the human i t  

is believed th a t HCG Is  responsible fo r  the increase in Leydig ce ll
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number a t  the e a r ly  stages of te s t is  maturation and, only la t e r ,  

during the stage o f w o lf f ia n  duct v i r i l i z a t i o n ,  does the fe ta l  

p i tu i ta r y  regulate te s t is  function (Grumbach, 1973). In the ra t  there  

is evidence th a t the placenta secretes a lu teotrophic  fac tor  (LTH) 

which is capable o f maintaining pregnancy during the second h a l f  of 

gestation . Whether or not *his p lacenta l p ro lac tin  complex also has 

LH-like  a c t iv i t y  is s t i l l  unclear (Heap e t  a l ,  1973). I t  is possible  

that other p i tu i ta r y  secretions, e . g . ,  FSH and P ro lac tin  play a 

role  in the i n i t i a t io n  o f testosterone synthesis by the fe ta l  te s t is  

early  in development and/or are responsible for the increased sensi­

t i v i t y  to LH seen w ith age. Testes aged 20.5 days were unresponsive 

to FSH and P ro lac tin  in vi t r o , however, long-term exposure in vi vo 

may a f fe c t  testosterone synthesis or Leydig c e l l  number.

The measurement o f testosterone in testes and genita l  

ducts not only supports a role fo r  testosterone in the v i r i l i z a t io n  

of the w o lff ia n  ducts ( See: Introduction) but may provide a clue as 

to the time of appearance of te s t ic u la r  regulation . The present 

study indicates that there is an abrupt increase in te s t ic u la r  testo­

sterone on day 17- 5 » and then a maintenance of th is  level through day 

20.5 . These findings are in essentia l agreement with those o f Warren 

and co-workers ( 1973) who demonstrated, by electron-capture following  

gas-phase chromatography, a marked increase in te s t ic u la r  testosterone  

on day 18.5 and a maintenance o f th is  level u n t i l  day 20 .5 .

The level o f  testosterone in the testes in vivo i s a re f le c ­

t ion  o f synthesis, catabolism, re te n t io n ,  and rate o f secretion . I f  

one assumes that in v ivo the rate o f  synthesis increases proportion­

a te ly  to the Leydig c e l l  number, then the increase in testosterone at
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17*5 days seen in th is  study, and a t  18.5 days in Warren's study, is 

greater than expected. I f  the in v i t r o  results  on the retention  

of testosterone by the testes and on the increase in the rate of 

testosterone synthesis w ith age are v a l id  in vivo then the increased 

concentration of testosterone in the testes must r e f le c t  increased 

synthesis. This increased synthesis could be the resu lt  o f  gonado­

tro p ic  s tim ulation .

The finding o f testosterone in the w o lf f ia n  ducts through­

out the period o f sexual d i f f e r e n t ia t io n  does not mean that testo­

sterone is responsible fo r  w o lf f ia n  duct v i r i l i z a t i o n .  The findings  

by Gupta and Bloch ( in  press) o f  a s p e c if ic  binding pro te in  in the 

cytosol of the male w o lf f ia n  duct from 14.5 days onward which binds 

mainly testosterone, and the demonstration that testosterone is 

metabolized to dihydrotestosterone by the c e lls  o f  the urogenital 

sinus (Wilson and L a z n its k i ,  1971) are consistent with the idea that  

testosterone or i ts  metabolites are necessary fo r  m asculinization  

in v iv o .

Whether or not testosterone influences the development of 

the hypothalamus and p i tu i ta r y  in the fe ta l  period is a moot po int.

The f ind ing o f  testosterone in the genita l trac ts  does not mean that  

i t  is present in the fe ta l  c i r c u la t io n ,  although th is  is l i k e ly .  The 

i n a b i l i t y  to measure testosterone in lung tissue is not ind ica tive  

of a lack o f testosterone in the general c irc u la t io n .  In th is  study 

only enough lung tissue was taken to serve as a tissue "blank" in 

the radioimmunoassay. C le a r ly ,  the measurement o f  testosterone levels  

In fe ta l  plasma during the re levant ages is necessary.

One of the aims o f  the present study was to develop an assay

124



fo r  f e ta l  p i tu i ta r y  function based on the synthesis o f testosterone  

by 20.5  day tes tes . While the data presented are incomplete as to 

the number o f concentrations of LH used, and l in e a r i ty  o f  response 

over a segment o f the dose-response curve has not been f u l l y  

documented, the data presented on dose-response and s p e c i f ic i t y  o f  

response suggest that fu r th e r  work may make such an assay fe a s ib le .

A s im i la r  bioassay fo r  LH, based on the responsiveness o f in ta c t  

adult testes and Leydig c e l l  cultures from adult testes (Dufau e t  a l ,  

197*0 has been proposed. The use o f fe ta l  testes as an assay fo r  

fe ta l  p i tu i ta r y  function seems desireab le  in l ig h t  o f the fa c t that  

the kind of FSH secreted by the male p i tu i ta r y  seems to change w ith  

the level o f c irc u la t in g  androgens (Bogdanove e t  a l , 197**). I f  

fe ta l  LH also changes w ith the level o f  c irc u la t in g  androgens then 

i t  is l ik e ly  that i t  may not have the same degree of b io lo g ica l a c t iv ­

i t y  in an assay using the response o f an adult t issue .

The demonstration of a developmental pa tte rn  fo r  testosterone  

synthesis and responsiveness to LH in v i t r o , as w ell as endogenous 

te s t ic u la r  testosterone, extends the time course fo r  maturation o f  

one part  of the h y p o th a la m ic -p itu ita ry - te s t ic u la r  axis w ell  in to  the 

fe ta l  period. These studies suggest tha t the developing nervous system 

and p i tu i ta r y  are exposed to a very potent androgen, testosterone,  

throughout most o f  th e ir  developmental h is to r ie s .  I t  is reasonable 

to expect, th e re fo re ,  tha t fe ta l  testosterone, as w ell as testosterone  

synthesized during the f i r s t  three days o f post-nata l l i f e ,  plays a 

role in the masculin ization o f the hypothalamus as well as the
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in terna l and external g e n i ta l ia .  F in a l ly ,  the s im i la r i t y  in the 

development o f  responsivity  to LH in both the fe ta l  and peripubertal  

periods implies that s im ila r  mechanism control the development and 

expression of te s t is  function a t  both stages o f sexual a c t iv i t y .
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Summary and Conclusions

Two aspects o f  the development and maturation o f fe ta l  te s t is  

function in the rat were studied: the capacity to synthesize tes to ­

sterone from endogenous precursors and respond to LH w ith increased 

testosterone synthesis. The a b i l i t y  to synthesize testosterone and 

respond to LH were studied in fe ta l  testes aged 14.5, 15 .5 , 16.5, 18.5 

and 20.5 days. Responsivity to LH was measured as a change in the 

concentration o f  radioimmunoassayabie testosterone secreted into  

medium 199 during short term incubation. A second series o f  experi­

ments concerned the measurement o f the endogenous testosterone concen­

tra tions  in fe ta l  testes and gen ita l trac ts  from 14.5 to 21.5 day 

fetuses; these results  were used to provide in vivo confirmation of  

the in v i t r o  findings.

Testes were incubated in 3 mi medium 199 a t a temperature o f  

37° C in an atmosphere o f  02:C02 (9 5 :5 ) .  At selected time in terva ls  

aliquots  o f  medium were removed and testosterone extracted with d ie thy l  

ether (10 ml e th e r /0 .2  ml medium) by freezing  the aqueous phase in a 

dry-ice-acetone bath. The residue of the ex trac t was dissolved in 

1 ml o f a prote in -conta in ing  b u ffe r  ( .02  M phosphate b u f fe r ,  pH 7 .8  

plus 1% g e la t in )  fo r  analysis by radioimmunoassay.

The radioimmunoassay technique u t i l i z e d  was that o f  Brenner, 

Guerrero, Cekan, and Diczfalusy (1973) fo r  the measurement of plasma 

testosterone. The f in a l  antibody d i lu t io n  used was 1:30,000. The 

antibody bound only testosterone and dihydrotestosterone to any 

s ig n if ic a n t  extent; at 50% displacement (B/BQ) twice as much o f the 

l a t t e r  s te ro id  was required to displace an equivalent amount o f tes to -
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sterone. The assay o f  Brenner e t  a l ,  was modified fo r  use in the 

present experiments in two ways: F i r s t ,  testosterone standards were

extracted from medium 199, since there was a d e f in i te  e f fe c t  o f  the 

medium and extrac tio n  process on the displacement o f testosterone  

bound to the antibody. Second, sample extracts  were not p u r i f ie d  

p r io r  to being assayed, as studies on the metabolism o f  ^H-testo-  

sterone by testes from 16.5 and 20.5 day fetuses, both with and 

without LH, showed no evidence o f dihydrotestosterone formation.

These results  a t 20.5 days were confirmed by g as - l iq u id  chromatography.

The use of the concentration o f testosterone secreted into  

the incubation medium as the measure o f te s t is  response to LH required  

the demonstration that the concentration o f testosterone in the 

medium a t any time was an acourate re f le c t io n  o f to ta l  testosterone  

synthesis. Studies on the p a r t i t io n in g  of both ^H-testosterone added 

to the medium and endogenously synthesized testosterone demonstrated 

that the testes bound or retained a s ig n if ic a n t  fra c t io n  of the to t a l .  

In the absence o f  LH, th is  fra c t io n  accounted fo r  30% o f  the to ta l  and 

did not change with time of incubation. With LH, the increase in 

medium testosterone was such tha t the testes accounted fo r  2% o f  the 

to ta l  a f t e r  4 hours o f  incubation. LH did not a f fe c t  the re tention  

or perm eability  o f the testes to testoserone; th e re fo re ,  the increase  

in medium testosterone with LH was due to the e f fe c t  o f  LH on the rate  

of testosterone synthesis.

In the absence of LH, testosterone synthesis was not demon­

s tra b le  by testes from 14.5 day fetuses. Testosterone synthesis was 

f i r s t  demonstrable at 15.5 days; the mean synthetic  ra te  a t th is  age
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was 0.32 + 0 . 2 2  n g / te s t is /h r .  This Increased s ig n i f ic a n t ly  at

16.5 days to a mean rate o f  0 .68  + 0 .3 5  n g / te s t is /h r .  At 18.5 

days the mean rate was 1.02 + 0 . 0 6  n g / te s t is /h r ;  and by 20.5 days 

had increased to 1.6 + 0.78 n g / te s t is /h r .

The a b i l i t y  o f fe ta l  testes to respond to LH added to the 

incubation medium was measured as change in the rate o f testosterone  

synthesis re la t iv e  to that seen in the absence o f LH. At 14.5 days, 

testosterone synthesis was not demonstrable w ith LH ( 36O ng/m l).

At 15.5 days, LH, 160 ng/ml, increased testosterone synthesis four­

fo ld ,  to a maximum rate o f 1.3 n g / te s t is /h r .  At 16.5 days, the same 

dose o f LH increased testosterone synthesis e ig h t - fo ld ,  to  a maximum 

ra te  o f  8 .8  n g / te s t is /h r  from t h i r t y  minutes to one hour. At 18.5 

days, a dose o f  64 ng/ml increased synthesis f i f t e e n - f o ld  to a maximum 

rate o f  20 n g / te s t is /h r .  The response o f  20.5 day testes to LH showed 

both increased s e n s i t iv i t y  and responsivity  to that seen a t younger 

ages: a t 1 to 4 hours o f incubation the maximum rate  o f  testosterone

was 36 n g / te s t is /h r ,  at 2 0 - fo ld  increase in the control ra te .  The 

concentation o f LH needed to get th is  response was 16 ng/ml, one- 

fourth the dose used a t 18.5 days. Testes o f th is  age were 100- 

times as sens it ive  to LH as 15.5 day tes tes , f o r t y - f o ld  as sens it ive  

as 16.5 day tes tes , and fo u r - fo ld  as s en s it ive  as 18.5 day testes.

At 20.5 days the response to gonadotropic s tim ulation  was s p ec if ic  

fo r  LH; ne ith e r  FSH nor p ro la c t in  increased testosterone synthesis 

above control values. As in the absence o f  LH, testosterone synthesis 

with LH was proportional to tissue weight.

Testosterone was not measureable in testes and genita l t ra c ts

129



from 14.5 day fetuses. From 15.5 to 17.5 days the endogenous 

concentration of testosterone in the testes increased te n - fo ld ,  and 

then remained r e la t iv e ly  constant u n t i l  day 20 .5 .  The concentration  

o f testosterone in the ducts remained f a i r l y  constant from 15.5 to

21.5 days.

Based on the in vi t ro  findings presented here and the work 

o f o thers , the following conclusions as to the maturation and regu­

la t io n  o f te s t is  function were reached:

1. The increase in the basal synthetic  rate  w ith age 

is consistent with the idea tha t from 15.5 to 18.5 days the capacity  

o f the individual Leydig c e l ls  to synthesize testosterone is constant; 

the increase in ra te  appears to p a ra l le l  the reported increase in 

Leydig c e l l  number. The increase in basal ra te  from 18.5 to 20.5  

days, when the Leydig ce lls  are regressing, indicates that a t  th is  

time capacity per c e l l  increases.

2. The increase in s e n s i t iv i t y  to LH w ith  age to a 

maximum a t 20.5 days implies that the e f f ic ie n c y  o f  LH u t i l i z a t io n  

increases with age. The change in LH u t i l i z a t io n  occurs a t some 

step(s) preceding s te ro id  synthesis; th is  is shown from a comparison 

o f the results  at 18.5 and 20.5  days. At 20.5  days, although the 

i n i t i a l  ra te  o f  synthesis (0 to 30 minutes) is g reater than a t  18.5 

days, the i n i t i a l  response to LH is s ig n if ic a n t ly  less than that at

18.5 days and increases to a maximum gradually with time of incubation.

3. The increase in endogenous te s t ic u la r  testosterone  

and i ts  maintenance u n t i l  shortly  before b i r t h ,  indicates th a t at 

th is  time te s t is  function may be under gonadotropic regu lation .
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*». The presence o f testosterone in the testes and 

genita l tra c ts  supports the idea that te s t ic u la r  testosterone is 

responsible fo r  the v i r i l i z a t i o n  of the w o lf f ia n  ducts, and, by 

inference, the developing nervous system.

5. The change in responsiveness to LH w ith age seen in 

the fe ta l  period is s im ila r  to that seen during the maturation of  

te s t is  function p o stna ta lly  (Odell e t  a l ,  197*0 and imply that the 

mechanisms regulating te s t is  function may be s im ila r  a t  both stages 

of development.
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