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w i t h  h igher  corpus  a l l a t u m  a c t i v i t y  in the  las t  i n s t a r  
l a rvae  of Me!anoplus, Pyrrhocoris, Anisolabis, and  
f~ocq/lsla 18-21. 

The  per iodic  func t ion ing  of t he  corpus  a l l a t a  seems, 
therefore ,  to  con t inue  ill las t  i n s t a r  larvae,  a l t h o u g h  
p e r h a p s  a t  a reduced  ra te .  T he  role of f l uc tua t ions  in  t he  
r a t e  of e n z y m a t i c  b r e a k d o w n  of J H  w i t h  respec t  to  t he  
changes  in J H  t i t e r  ha s  st i l l  to  be  d e t e r m i n e d  in b o t h  
Pieris and  Barathra. 

The  morphogene t i c  a n d  physiological  s ignif icance of 
h i g h e r  J H  t i t e r s  in  t he  second ha l f  of t h e  las t  l a rva l  
i n s t a r  is as ye t  n o t  clear. I n  Pieris a n d  Barathra, pos- 
s ib ly  also in o t h e r  Ho lome tabo la ,  i t  occurs  a t  a t i m e  
w h e n  t he  cr i t ical  per iod  for t he  d e t e r m i n a t i o n  of m e t a -  
morphos i s  is ove r  a n d  t he  l a rvae  p repa re  t hemse lves  for 
p u p a t i o n  (e.g. sp inn ing  of webs  or  cocoons).  The  pre-  
sence of J H  m a y  be  re la ted  to  i ts  i n h i b i t o r y  effect  on  
g r o w t h  and  d i f f e ren t i a t ion  of imag ina l  discs a n d  o the r  
deve lop ing  s t ruc tu res .  The i r  precocious  d i f f e ren t i a t ion  
would  b e  u n f a v o u r a b l e  for t he  insec t  un t i l  an  a p p r o p r i a t e  
e n v i r o n m e n t  for  p u p a t i o n  has  been  ensured.  In  t h i s  
c o n n e c t i o n  i t  is v e r y  sugges t ive  to com pa r e  our  idea 
w i t h  a few d a t a  f rom t he  l i t e r a tu re  re fer r ing  to a signif- 
i c a n t  corpus  a l l a t u m  a c t i v i t y  d u r i n g  l a rva l  d i apause  in 
Chilo, Plodia, a n d  Diatraea ~2 ~4. I t  seems t h a t  in l a rva l  
d i apause  t he  J H  peak,  t yp i ca l  also for  n o n - d i a p a u s e  

deve lopmen t ,  is t e m p o r a r i l y  s tabi l ized.  I t  is also w o r t h -  
whi le  m e n t i o n i n g  t h a t  in  Pieris brassicae t h e  J H  p e a k  
found  in t he  las t  i n s t a r  coincides  w i t h  t he  cr i t ica l  per iod  
of l igh t  s ens i t i v i t y  for  p u p a l  morpholog ica l  colour  
change  25. Th i s  p e a k  c a n n o t  bea r  a r e l a t i on  to  'g i rd le '  
sp inn ing  b e h a v i o u r  itself, as, accord ing  to t~ENZ 16, t h e  
endocr ine  i n d u c t i o n  of th i s  b e h a v i o u r  occurs  w i t h i n  t he  
f i rs t  60 hours  of t h e  ins tar .  

I n  conclus ion we can  s t a t e  t h a t  in Pieris and  Barathra, 
t h e  complex  processes lead ing  to  m e t a m o r p h o s i s  are  ac- 
c o m p a n i e d  b y  s u b t l y  t i m e d  changes  in JH tiger, wh ich  
m a y  p a r t l y  exp la in  t he  species specific v a r i a t i o n s  found  
in m o r p h o g e n e t i c  a n d  physiological  responses  to  exoge- 
nous  h o r m o n e  supply.  
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M o n o l a y e r  Cul tures  of  N o r m a l  Adul t  Rat  A d r e n o c o r t i c a l  Cells:  S t e r o i d o g e n i c  R e s p o n s e s  to N u c l e o -  
t ides ,  Bacter ia l  T o x i n s  and A n t i m i c r o t u b u l a r  A g e n t s  

M. J, O'HARE 1 

Division o/ Pathology, Chester Deatty Research Institute, JTulham Road, London, SW3 5JB (England), 22 August 1975. 

Summary. Monolayer  cu l tu res  of n o r m a l  r a t  ad renocor t i ca l  cells were t r e a t e d  w i t h  agen t s  w h i c h  s t i m u l a t e  s teroido-  
genesis b y  Y-1 ad rena l  t u m o u r  cells. Choleragen was act ive ,  whereas  cyclic nuc leo t ides  o the r  t h a n  cyclic AMP,  bac te r i a l  
e n d o t o x i n s  and  a n t i m i c r o t u b u l a r  agen t s  were inac t ive .  

N o r m a l  a d u l t  r a t  ad renocor t i ca l  cells can  be  m a i n t a i n e d  
in v i t ro  for severa l  m o n t h s  as p r i m a r y  m o n o l a y e r  cul tures ,  
while  r e t a i n i n g  t h e i r  morpho log ica l  a n d  s tero idogenic  
responses  to  A C T H  and  cyclic A M P  24.  Cul tures  of 
d i f f e ren t i a t ed  ad rena l  t u m o u r  cells, p a r t i c u l a r l y  t he  Y-1 
es t ab l i shed  cell-line 5, h a v e  also been  ex tens ive ly  used in 
s tud ies  of adrenal -speci f ic  func t ions  6. These  t u m o u r  ceils, 
however ,  r e spond  to  a n u m b e r  of subs t ances  o t h e r  t h a n  
A C T H  and  cyclic AMP.  T h e y  are  s t i m u l a t e d  b y  o the r  
cyclic nuc leo t ides  such  as cyclic CMP 7, b y  bac te r i a l  
t ox ins  inc lud ing  cho le ragen  (V. cholerae en te ro tox in )  
a n d  unpur i f i ed  endo tox ins  s,9 a n d  b y  mic ro tubu le -d i s -  
r u p t i n g  agen ts  such  as colchicine ~0,1~. 

The  l ong - t e rm  responses  of cu l tu red  n o r m a l  ad rena l  
ceils to  these  agen ts  h a v e  the re fo re  been  examined ,  
because  t he  v a l i d i t y  of t u r n o u t  cells as models  of ad r ena l  
func t ion  e v i d e n t l y  depends  on  t h e  e x t e n t  to  which  t h e y  
h a v e  r e t a ined  n o r m a l  responses.  

Materials and methods. Tissue  cul ture .  Conf luen t  mono-  
layer  cu l tu res  of a p p r o x i m a t e l y  0 .5 -1 .0 •  cor t ica l  
cells were p r e p a r e d  f rom t he  zona  fasc icu la ta - re t icu la r i s  
of ad r ena l  g lands  f rom 8-week-old (200 g) male  "Wistar 
rats ,  us ing  t he  co l l agenase -hya iu ron idase  d i saggrega t ion  
p rocedure  descr ibed  p rev ious ly  2. Cul tures  were m a i n t a i n e d  
a t  37 ~ in 25 cm~ po lys ty rene  cu l tu re  f lasks (Falcon) w i t h  
5 ml  Dulbecco ' s  Eag le ' s  m e d i u m  c o n t a i n i n g  15% fe ta i  
calf  s e rum (GIBCO),  plus  100 ~zg/ml each  of penici111in 

a n d  s t r e p t o m y c i n  w i t h  a gas -phase  of 10% CO s ill air.  
Cul tu re  m e d i u m  was changed  e v e r y  24 h a n d  r e t a i n e d  for 
m e a s u r e m e n t  of s te ro id  con ten t ,  a n d  t he  n u m b e r  of 
cor t ica l  ceils in  each  cu l tu re  was d e t e r m i n e d  b y  d i rec t  
c o u n t i n g  of cells in  r a n d o m l y - c h o s e n  fields of k n o w n  
area  u n d e r  an  i n v e r t e d  p h a s e - c o n t r a s t  microscope.  

Cyclic nucleot ides ,  ana logs  thereof ,  nucIeot ides ,  nu -  
cleosides a n d  pu r ine  a n d  p y r i m i d i n e  bases  (S igma 
Chemical  Co.) were added  d i rec t ly  to  t he  cu l tu res  dis- 
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solved ill cul ture  medium,  as were unpurif ied bacter ia l  
l ipopolysaccharides (Boivin) f rom Difco. Purif ied Vibrio 
cholerae ente ro tox in  (choleragen) prepared under  cont rac t  
to N I A I D  by  the  me thod  of FINKELSTEIN 12 (tot 0172) 
was obta ined  th rough  Dr. R. NORTt~RUP (SEATO 
Cholera Research Program),  and added to  cul tures  dis- 
solved in 50 [,1 sterile phosphate-buffered  saline wi th  
0.1% gelatin.  Vinblast ine sulfate, colchicine and 100 m U /  
mt A C T H  (91.5 U / m g  porcine) f rom Sigma were added in 
50 ~,1 sterile 9 g/1 NaC1 solution, and podophyl lo tox in  
(Aldrich) in 20 ~,1 ethanol.  
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Fig. 1. Steroidogenie response of 3-week-oid monolayer cultures of 
adult rat adrenal cells to the 3', 5'-cyclic nucleotides ( O -  �9 mono- 
butyryl ( �9  -- �9  and 8-bromo cyclic nucleotides ( [] -- [7), ribonucleo- 
side-5"-monophosphates (Q--O), ribonucleosides (A--A) and bases 
(A--A) of guanine (G), hypoxanthine (HX), xanthine (X), thymine 
(T), cytosine (C) and uracil (U). All compounds were tested at 2 mM 
exeept cyclic nucleotide analogs at 0.5 raM. 
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Fig. 2. Steroidogenic response of 3-week-old monolayer cultures of 
adult rat adrenal cells to 3', 5'-cyclic AMP (cAMP), N~-monobutyryl 
cyclic AMP (mbeAMP), 8-bromo cyclic AMP (BrcAMP), adenosine- 
5'-monophosphate (AMP), adenosine (A) and adenine (Ad). All 
compounds were tested at 2 mM, except cyclic nucleotide analogs at 
0.5 raM. 

Steroid Assay. Steroids secreted into the  cul ture  med ium 
were measured as cort icosterone using the  sulphuric  acid- 
induced fluorescence me thod  a. None of the  substances 
used in the  present  s tudy  interfered s ignif icant ly  wi th  
this  assay. 

Results.  The monolayer  cultures of adul t  ra t  adrenal  
cells were rout ine ly  main ta ined  in med ium wi thou t  
A C T H  for 3 weeks before test ing,  to allow endogenous 
steroidogenesis to fall to the  v e r y  low s teady  baseline 
levels a, following which individual  cultures were t rea ted  
for 7 days consecut ively  wi th  med ium containing one of 
the po ten t ia l  s teroidogenic agents, 

Cyclic nucleot ides  and der ivat ives .  The cyclic 3',5"- 
nucleotides,  r ibonucleoside-5 ' -monophosphates  and ribo- 
nucleosides of adenine, guanine, hypoxan th ine  and xan-  
thine,  and of thymine ,  cytosine and uracil, and the pur ine  
and pyr imidine  bases themselves  were indiv idual ly  
tested for steroidogenic po ten t ia l  at  a concent ra t ion  of 
2 m M ,  which represented the  l imits  of aqueous  solubi l i ty  
for some of these compounds.  The objec t ive  of this experi-  
men t  was a) to de termine  the  re la t ive  potencies of the  
cyclic nucleot ides and their  analogs themselves,  and b) 
to compare  t h e m  wi th  those of thei r  po ten t ia l  catabolic  
products  at  equimolar  concentrat ions,  since cyclic nu-  
cleotides are readi ly  degraded ill serum-conta in ing cul ture 
medium 1< 

The ma jo r i ty  of the  cyclic nucleot ides (with the  excep- 
t ion of cyclic AMP) were wi thou t  s ignif icant  long- term 
steroidogenic effects, whereas  a number  of the  non-cyclic 
compounds  did produce detec table  responses. Thus 
cyclic CMP was inact ive,  while bo th  cytosine and cyt idine 
gave responses equ iva len t  to 4% of the  m a x i m u m  wi th  
100 m U / m l  A C T H  (Figure 1). Similar  results were ob- 
ta ined wi th  cyclic IMP, X M P  and UMP, while all thy-  
mine der iva t ives  were w i thou t  effect a t  2 m M  (Figure 1). 

Cyclic GMP produced a jus t  detectable  s teroidogenic 
response a t  2 raM, equ iva len t  to 2% of max imum.  GMP 
and guanosine, however ,  were bo th  more effective, and the  
less readi ly  degraded analogs N2-monobntyryl  and 8- 
bromo cyclic GMP were comple te ly  inac t ive  a t  0.5 m M  
(Figure 1). In  marked  cont ras t  the  N6-monobutyryt  and 
8-bromo analogs of cyclic AMP both  resui ted in a max imal  
s t imula t ion  of steroidogenesis,  great ly  in excess of t h a t  
obta ined  wi th  cyclic A M P  itself, while adenosine was 
sl ightly more and adenine s l ight ly less effect ive than  the  
cyclic nucleot ide (Figure 2). 

Bacter ia l  toxins.  Choleragen was an ex t remely  ef- 
fect ive long- term s t imula tor  of steroidogenesis by  the  
cul tured normal  ceils, wi th  max ima l  responses obta ined 
wi th  1 ng /ml  (Figure 3). R e m o v a l  of choleragen f rom the  
medium,  however,  resulted in a ve ry  slow decline in 
steroidogenesis compared  wi th  A C T H  a. 

Unpuri f ied  bacter ia l  l ipopolysaccharides from E. coli 
( 0 I l l : B 4 ) ,  Serratia ma~cesce~s and Salmonella typhosa 
(0901), on the  o ther  hand,  were comple te ly  inac t ive  when 
applied to uns t imula ted  cultures f rom 1 ng /ml  to 1 mg/mI.  
A t  the  higher  concent ra t ions  the  endotoxins  in fact  
revers ibly  inhibi ted the  morphological  and steroidogenic 
responses of the  cul tured cells to ACTH,  wi thou t  any  
over t ly  toxic  effects, bu t  did no t  inhib i t  the  response to 
monobu ty ry l  cyclic AMP. 

Ant imic ro tnbu la r  agents.  Colchicine, vinblast i l le  sul- 
fate  and podophyl lo tox in  were all wi thou t  detectable  
steroidogenic effects when applied to normal  adrenal  cells 
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a t  c o n c e n t r a t i o n s  up  to  5 ~M. N e i t h e r  d id  t h e y  f u r t h e r  
increase  t he  s tero id  o u t p u t  of A C T H - s t i m u l a t e d  cultres.  

Discussion. These resu l t s  d e m o n s t r a t e  c lear ly  t h a t  
n o r m a l  a d u l t  r a t  ad r ena l  ceils in m o n o l a y e r  cu l tu re  
possess cons iderab le  specif ic i ty  in  t h e i r  s te ro idogenic  
responses.  Tile cu l tu red  ad rena l  t u m o u r  cells of t h e  Y-1 
cell-lille, on tile o the r  hand ,  a p p e a r  to  possess a g rea t e r  
l a t i t ude  in t h e i r  responses,  r em i n i s cen t  to  some e x t e n t  
of t he  l a t i t ude  in recep tor  specif ic i ty  seen in o t h e r  adre-  
na l  t u rnou t s  ~. Thus ,  cons iderab le  c au t i on  m u s t  be  exer-  
cized w h e n  ad rena l  t u m o u r  ceils are used  as models  of 
ad r ena l  func t ion ,  unless  c o m p a r a b l e  s tud ies  of n o r m a l  
cells are  avai lable .  

The  l imi ted  s te ro idogenic  a c t i v i t y  of t he  n o n - a d e n i n e  
cyclic nuc leo t ides  a n d  t h e i r  de r i va t i ve s  can  p r o b a b l y  be  
accoun ted  for ill t h e  k n o w n  a c t i v i t y  of these  c o m p o u n d s  
as phosphod ie s t e r a se  i nh ib i t o r s  ~a. Un l ike  some p repa ra -  
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Fig. 3. Steroidogenic response of 3-week-old monolayer cultures of 
adult rat adrenal cells to V. choleras enterotoxin (choleragen). 
Cultures were treated with toxin-containing medium at the concen- 
tration shown over the period indicated by the bar. 

t ions  of f resh ly- i so la ted  ad rena l  cells 16 t h e  cu l tu red  
n o r m a l  ceils are d i r ec t ly  respons ive  to phosphod ie s t e r a se  
in t l ib i tors  such  as t heophy l l i ne  (15% of m a x i m u m  A C T H  
response  to  2 m M ) .  A d i rec t  role of cyclic G M P  in ad rena l  
s tero idogenes is  is n o t  sugges ted  b y  t he  p r e sen t  resu l t s  in 
so far  as th i s  can  be d e t e r m i n e d  b y  t he  app l i ca t i on  of 
exogenous  nucleot ides ,  since t he  ca t abo l i c  p r o d u c t s  G M P  
and  guanos ine  were more  ac t ive  thai1 t he  n a t i v e  cyclic 
nucleot ide ,  whi le  t he  ana logs  N ~ - m o n o b u t y r y l  and  8- 
b r o m o  cyclic G M P  were comple t e ly  ineffect ive,  in  c o n t r a s t  
to  t he  g r ea t l y  e n h a n c e d  a c t i v i t y  of t he  co r re spond ing  
ana logs  of cyclic AMP.  

Whi l e  the  n o r m a l  cu l tu red  ad rena l  cells e v i d e n t l y  share  
t i le response  of Y-1 cells to  cho le ragen  (which ac ts  v ia  
a c t i v a t i o n  of m e m b r a n e  adeny ly l  cyclase),  t h e y  are n o t  
s t i m u l a t e d  b y  bac te r i a l  l ipopolysacchar ide  endo tox ins .  
The  i n h i b i t o r y  effects  of t he  l a t t e r  on  A C T H -  b u t  n o t  
cyclic A M P - s t i m u l a t e d  s tero idogenes is  are in  m a r k e d  
c o n t r a s t  to  t he  s t i m u l a t o r y  effects  of these  e n d o t o x i n s  
on cu l tu red  ad rena l  t u m o u r  cells 9. Tile m e c h a n i s m  of 
th i s  i nh ib i t i on  ha s  no t  been  de t e rmined ,  b u t  a d i rec t  
i n a c t i v a t i o n  of A C T H  b y  t he  l ipopolysacchar ide  p r epa ra -  
t i on  ha s  n o t  been  excluded.  

Tile fai lure  of t he  n o r m a l  ad r ena l  ceils to  r e spond  to 
a n t i m i c r o t u b u l a r  agen ts  such  as colchicine,  however ,  
s t a n d s  in m a r k e d  c o n t r a s t  to  t he  response  of cu l t u r ed  
t u m o u r  cells, where  these  agen t s  a p p a r e n t l y  increase  t he  
supp ly  of p regneno lone  ava i l ab le  for cor t icos tero idogenes is  
in  t he  cells lL E x o g e n o u s  p regneno lone  i tself  ha s  been  
shown  to increase  t h e  s te ro id  o u t p u t  of n o r m a l  a d r e n a l  
cells in  cu l tu re  ~, b u t  since t he  a n t i m i c r o t u b u l a r  agen t s  
are inac t ive ,  t he  cu l tu red  ad rena l  t u m o u r  ceils are ev iden t -  
ly  n o t  a re l iable  model  of n o r m a l  ad rena l  f unc t i on  in th i s  
respect .  
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Adrenal Dopamine- /~-Hydroxylase  Activity: 24-Hour Rhythmicity  and Evidence for Pineal Control I 

T. K. BANERJI a n d  W. B. QuAY 

Endocrinology-Reproductive Physiology Program, Department o/ Zoology, and The Waisman Center on Mental Retarda- 
tion and Human Development, University o] Wisconsin, 2605 Marsh Lane, Madison (Wisconsin 53706, USA),  
27 August 7975. 

Summary. A d r e n a l  m e d u l l a r y  dopamine- f l -hydroxy lase  a c t i v i t y  was found  in ma le  r a t s  to  h a v e  a 24-hour  r h y t h m ,  
w i t h  a n  a p p r o x i m a t e l y  6-fold increase  a t  a b o u t  t he  t ime  of t he  onse t  of darkness .  Th i s  n o c t u r n a l  r ise in e n z y m e  a c t i v i t y  
d id  n o t  occur  w h e n  l ights  were k e p t  on, no r  d id  i t  occur  in an ima l s  t h a t  h a d  been  p inea lec tomized .  

Dopamine- f i -hydroxy lase  (DBH) ca ta lyses  t he  con-  
vers ion  of d o p a m i n e  to  t h e  n e u r o t r a n s m i t t e r  norep ine-  
ph r ine  2 and  is re leased w i t h  ca t echo l amines  fol lowing 
ad rena l  s t i m u l a t i o n  3. 24-hour  r h y t h m i c i t i e s  in  p l a s m a  
D B H  a c t i v i t y  ill ra t% a n d  se rum D B H  a c t i v i t y  in m a n  5 
h a v e  been  descr ibed.  W e  r e p o r t  here  a 24-hour  r h y t h m  
ill a d r e n o m e d u l l a r y  Dt3H alld i ts  mod i f i ca t ion  b y  e i the r  
change  in t i m i n g  of da i ly  onse t  of da rkness  or r e m o v a l  of 
t he  p inea l  g land.  

1 Supported in part by grants from the Ford Foundation (No. 
630-05050A), National Institutes of Health (No. HD-03352) and 
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