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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 .  

14 I. SCHORR and R. L. NEY, J. clin. Invest. 50, 1295 (1971). 
15 U. KLOTZ, H. VAPAATALO and K. STOCK, Naunyn-Schmiede- 

berg's Arch. Pharmac. 273, 376 (1972). 
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biophys. Res. Commun. d4, 898 (1971). 

Adrenal Dopamine- /~-Hydroxylase  Activity: 24-Hour Rhythmicity  and Evidence for Pineal Control I 
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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 
National Institute of NYental Health (No. MH-25091) USPHS. 
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Mater i~ ls  and  melhods. Male ra ts  (110-120 days old) 
of the  S 1 Berkeley  s t ra in  were used, in the  first  experi-  
m e n t  to  eva lua te  the  possible occurrence of 24-hour 
r h y t h m i c i t y  in adrenomedul la ry  D B H .  T h e y  were 
accl imated for a m i n i m u m  of 15 days in similar  t empera -  
ture-control led  (21~ window-less and art if icial ly-  
l ighted (LD : 12 : 12) rooms, wi th  food and wa te r  avai lable  
cont inuously.  E n t r y  into these rooms was ex t r eme ly  
res t r ic ted and care was t aken  to leave the  animals  un-  
disturbed.  Animals  were killed by  quick decapi ta t ion  a t  6 
t imes  (noted in the  Figure),  and the  paired adrenals  were 
immed ia t e ly  frozen and stored (--20~ unt i l  enzymat ic  
assay. 

"With the  same condi t ions  and procedures  as above,  
the  effect  of p inea lec tomy was s tudied ill 2 concur ren t  
exper iments .  Pineal  glands were surgical ly r emoved  6 
under  e ther  anaesthesia  f rom animals  of the  experi-  
men ta l  group, Unopera ted ,  sham alld p inealec tomized 
rats  were sacrificed 15 days  la ter  and the  adrena l  medul lae  
were s imilar ly t rea ted .  Autopsies  were all a t  23.00 h 
30 min.  Approx ima te ly  2-3 min  elapsed f rom decapi ta t ion  
to tissue freezing. 

In  the  second exper iment ,  using unoperated,  sham and 
pinealectomized animals,  on the  day  of sacrifice the  l ight  
was left  Oil beyond the  usual  hour  (22.00) (Figure). These 
an imals  were sacrificed in l ight  and the  glands were 
collected so as to represent  D B H  ac t iv i ty  level at  23.00 h 
as above.  A t  au topsy  the  brains f rom the  sham and pinea-  
lectomized animals  of bo th  exper iments  were dissected 
open and examined  for complet ion of p inea lec tomy and/or  
o ther  pos t -opera t ive  physical  signs of injury,  if any.  

D B H  ac t iv i ty  in the  adrenal  medul la  was es t imated  by  
the  me thod  of ~V~OLINOFF, WEINSHILBOUM and AxzL-  
ROI) ~. Pai red  adrenals  were homogenized in 400 vo lume of 
0.005 M Iris buffer, p H  7.5, conta in ing 0.1% Tr i ton  X-  
100. Homogena tes  were centr i fuged a t  10 ,000xg  for 
10 min  and lipids r emoved  by  aspirat ion.  Superna tan t  
fluid (200 ~zl) was added to a 15 ml  glass centr i fuge tube  
conta in ing t y r amine  aS subs(rate.  The  final  react ion 
mix tu re  (310 ~1) contained fumarate ,  ascorbic acid, MAO- 

i n h i b i t o r  (pargyline), catalase, tris buffer  and copper  
sulphate  in appropr ia te  q u a n t i t y  and p H  to ob ta in  
max ima l  act ivi ty .  The  react ion was al lowed to proceed 
for 20 mill  a t  37~ wi th  added ty ramine  conver ted  to 

oc topamine  by  sample D B H .  The P N M T  par t  of the  
assay was then  in i t ia ted  by  changing pI-t (from 6.0 to 
8.6) and adding S-adenosylmethionine-methyl-14C (New 
Eng land  Nuclear)  and pheny le thano lamine-N-methy l -  
t ransferase (Miles Labs.). The rad ioac t ive  synephrine 
formed was ex t rac ted  into  to luene- isoamyl  alcohol 
(6 ml ;  3:2 v/v) ,  and af ter  centr i fugat ion,  4 ml  of the  
organic phase was t ransferred to vials  and dried (80 ~ 
E thano l  (1 ml) and phosphor  (10 ml) were added and the  
r ad ioac t iv i ty  was de te rmined  in a l iquid scinti l lat ion 
counter  (Unilux I I ,  Nuclear  Chicago). Blanks (200 ~1) 
consist ing of t issue homogenates  hea ted  to 95 ~ for 5 min  
and hea ted  homogenates  (200 ~1) with '40 ng of oc topamine  
added to the  ent ire  react ion mix tu re  were run  wi th  assay 
of each sample.  F r o m  each pai red-adrenal  homogena te  
representa t ive  of each sample,  t r ipl icates  of blank, 
s tandard  and samples were run. Resul ts  were expressed as 
nmoles of oc topamine  formed per  g adrenal  wet  weight  
per  20 rain. Significance of differences be tween group 
means  were based upon the  Student-Fisher- / .  

Results.  A signif icant  24-hour per iodic i ty  in adrenal  
dopamine-/~-hydroxylase ac t iv i ty  was found (Figure). 
Throughou t  the  l ight  phase D B H  ac t iv i ty  declined 
gradually,  reaching a nadi r  a t  21.00 h. A sharp rise in 
enzyme ac t iv i ty  by  1 h af ter  the  l ights went  off a t  22.00tl 
was h ighly  signif icant  (p < 0.001). This  peak ac t iv i ty  
p resumably  cont inued th rough  midn igh t  followed by  
ano ther  well-defined fall  towards  the  la ter  pa r t  of the  
night.  There  was also ano ther  s ignif icant  (p < 0.001) 
rise from this  la te  n ight  low to the  ear ly  day  ac t iv i ty  level. 

Surgical  ex t i rpa t ion  of the  pineal  led to v e r y  significant  
reduct ion  in adrenal  D B H  ac t iv i ty  compared  wi th  ei ther  
unopera ted  or sham-opera ted  animals  (Figure, exper iment  
1). In  the  absence of the  pineal  the  rise in adrenal  D B H  
ac t i v i t y  t h a t  normal ly  occurs near  the  s ta r t  of the  dark  
phase failed to appear .  W h e n  l ight  was left  oil beyond 
22.00 h, an inhibi t ion in rise of D B H  ac t iv i ty  was noted  
a t  23.00 h (Figure, exper iment  2). A l though  there  was a 
suggested t rend  of fur ther  loss of a c t i v i t y  (p < 0.01) in 

W. B. QUAY, Progr. Brain Res. 10, 646 (1965). 
? p. g.  MOLINOFF, R. WEIIgSHILBOUI~I and J. AXELROD, J, Pharmac. 

exp. Ther. 778, 425 (1971). 
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Graphic representation of the 
results, showing: 1. a 24-hour 
rhythmicity in adrenal DBH 
activity in normal male rats 
(�9169 2. the loss of the rise in 
DBH activity in pinealectomized 
rats (A) that normally occurs near 
onset of darkness, and 3. the 
failure of the rise in DBH activity 
in control animals as well as 
pinealectomized ones (e) when 
the lights remain on. Means q- 
standard errors are plotted in 
relation to time of sacrifice; 
numbers of animals are noted 
within parentheses. Probability 
(p) values are based on the Stu- 
dent-Fisher-t. 
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DBI-I in  t he  p inea lec tomized  g roup  as c o m p a r e d  w i t h  t h a t  
in  t h e  u n o p e r a t e d  control ,  t h e  difference b e t w e e n  p inea-  
l ec tomized  a n d  s h a m  groups  was n o t  s t a t i s t i ca l ly  signifi-  
c a n t  in th i s  second e x p e r i m e n t  w i t h  t h e  l igh ts  lef t  on. 

Discussion. LEw and  QuAY s h a v e  shown  t h a t  ad r ena l  
n o r e p i n e p h r i n e  (NE) con ten t ,  in t he  same  r a t  s t r a i n  ($1), 
is h ighes t  a t  m idda rk ,  wh ich  is cons i s t en t  w i t h  our  ea r ly  
n i g h t  t i m e  t ise  in  D B H  ac t iv i ty .  H ow eve r  our  resu l t s  for 
m i d d a y  D B H  ac t i v i t y  level  do n o t  para l le l  t h e  h i g h  mid-  
d a y  ad rena l  N E  c o n t e n t  obse rved  b y  t he  above  au tho r s .  
Nor  do t h e y  exp la in  t h e  f ind ings  of DIJNN and  LIN 9 who  
r epo r t ed  t h a t  a d r e n o m e d u l l a r y  N E  c o n t e n t  is lowes t  
d u r i n g  n i g h t  w h e n  ep inephr ine  (E) s tore  is v e r y  h i g h  9, l0 
I t  m i g h t  be  no ted ,  however ,  t h a t  t he re  are a t  l eas t  
severa l  reasons  w h y  one should  n o t  expec t  necessar i ly  
close cor re la t ions  in  t i m e  b e t w e e n  levels of a d r e n o m e d u l -  

�9 l a ry  DBI-t a c t i v i t y  a n d  of N E  a n d  E : 1. A d r e n o m e d u l l a r y  
NE,  in  a d d i t i o n  to  be ing  t he  p recursor  of E,  is also secre ted  
as an  i n d e p e n d e n t  ho rmone .  2. N E  and  E in t he  m edu l l a  
are ava i l ab le  i n t e r c h a n g e a b l y  in s torage-vesic les  in  b o u n d  
fo rm a n d  in t he  cy top l a smic  sap in a free pool. 3. T h e y  
undergo  a c o n t i n u o u s  a n d  c o n c o m i t a n t  ca tabo l i c  process  
of ox ida t ive  d e a m i n a t i o n  ( in t ra-ves icular ly)  a n d  0 -  
m e t h y l a t i o n  (free cy toplasmic)  11. 

Our  resu l t s  sugges t  t h a t  t he  n o c t u r n a l  rise in  ad r ena l  
D B H  a c t i v i t y  is b o t h  p inea l -  a n d  d a r k n e s s - d e p e n d e n t  
(Figure).  However ,  we can  n o t  y e t  ru le  ou t  t he  poss ib i l i ty  
t h a t  in  t h e  p inea l ec tomized  a n i m a l  a phase  sh i f t  in  D B H  
rise occur red  r a t h e r  t h a n  necessar i ly  a n  abol i sh ing  of t h e  
D B H  per iodic i ty .  A l t h o u g h  an  effect  of p i n e a l e c t o m y  on  
a n  a d r e n o m e d u l l a r y  a c t i v i t y  or f u n c t i o n  ha s  n o t  been  
p r e sen t ed  previous ly ,  phys io logica l  i n t e r r e l a t i ons  of t h e  
r a t  p inea l  g l and  a n d  ca t echo lamine rg i c  a n d  s t ress - re la ted  
sys t ems  h a v e  long been  sugges ted  b y  o the r  k inds  of 
ev idence  ~, t3. 

s G. M. LEw and W. B. QUAY, Comp. gen. Pharmac. 4, 375 (1973). 
9 j .  D. DU~N and F. Lix, Experientia 30, 348 (1974). 

~0 L. E. SCHEVlNG, W. H. HAm~iso~r and J. E. PA~JLY, Am. J. 
Physiol. 215, 799 (1968). 

11 R. YAMADA, in Neuroendocrine Controls (Eds. K. YAGI and S. 
YOSHIDA; John Wiley and Sons, New York 1973), p. 137. 

12 W. B. QUAY, Am. J. Physiol. 796, 951 (1959). 
13 W. B. QUAY, Pineal Chemistry in Cellular and Physiological 

Mechanisms (Charles C. Thomas Publisher, Springfield, Illinois 
1974). 
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M o l e c u l a r  Superde loca l i zab i l i t y .  A Corre la t ion  w i t h  D i a m a g n e t i c  Suscept ib i l i ty  

K. S. ROGERS and A. CAMMARATA 1 

Department o~ Biochemistry, Medical College o/ Virginia, Virginia Commonwealth University, Richmond (Virginia 
23298, USA),  and Laboratory o/ Physical Medicinal Chemistry, School o[ Pharmacy, Temple University, Philadelphia 
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Summary. D i a m a g n e t i c  suscept ib i l i t ies  of 44 d ivers  a r o m a t i c  molecules  were successful ly  p r ed i c t ed  f rom molecu la r  
superdelocal izabi l i t ies  ca lcu la ted  f rom I.iiickel molecu la r  o rb i t a l  t heo ry .  

I n  t h e  pas t ,  d i a m a g n e t i c  suscept ib i l i t ies  for organic  
c o m p o u n d s  were e s t i m a t e d  t h r o u g h  a se t  of ]PASCAL 
c o n s t a n t s  ~-5 wh ich  p e r m i t t e d  t he  ca lcu la t ion  of a mo la r  
suscep t ib i l i ty  on  a n  a d d i t i v e  basis  (a g iven  c o n t r i b u t i o n  
for  each  species of a tom)  p rov ided  t h a t  a p p r o p r i a t e  
c o n s t i t u t i v e  cor rec t ions  were  made .  A more  r ecen t  ap-  
p r o a c h  a s sumed  t h a t  a mo la r  suscep t ib i l i ty  m a y  be  w r i t t e n  
as a sum of b o n d  c o n t r i b u t i o n s  and  of cor rec t ion  t e r m s  

Table I. HMO parameters found suitable for correlations with dia- 
magnetic susceptibility 

Atom h Bond k 

C 0.0 C~r-Car 
C(--N) 0.0 C~r-C~l 
C12I~ 2.0 C~r-C(~N) 
() 1.0 C~-CH a 

3.0 C~N 
O(nitro) 2.0 C--s 

0.4 c - 5  
2.0 c - ~  

N(~C) 0.4 C--}~ 
N(nitro) 1.0 C--N(nitro) 
F 3.0 c - g  
CI 1.1 C--F 

Br 0.8 C--C1 
I 0.5 C--Br 

1.5 C-- I  

N--0(nitro) 

t h a t  r ep re sen t ed  i n t e r ac t i ons  b e t w e e n  a d j a c e n t  b o n d s  6-10. 
Ef fo r t s  to  p rove  t h e  v a l i d i t y  of each  of these  m e t h o d s  
f rom molecu la r  o rb i t a l  t h e o r y  h a v e  been  m a d e  6-8 a n d  
on  t h i s  bas is  a n  a r g u m e n t  ha s  been  p r e s e n t e d  in favor  of 
t he  b o n d  over  t h e  a t o m  c o n t r i b u t i o n  approach*,9,10. 
These  add i t i ve  p rocedure  are f u n d a m e n t a l l y  empi r i ca l  
desp i te  t h e i r  t heo re t i c a l  ra t ionales .  T h u s  i t  shou ld  n o t  
m a t t e r  in  a p rac t i ca l  app l i ca t i on  w h i c h  scheme  is fol lowed 
so long as t h e  empi r ica l ly  der ived  c o n t r i b u t i o n s  a n d  
associa ted  cor rec t ions  are used in a c o n s i s t e n t  m a n n e r ,  

W e  prefer  an  a l t e r n a t i v e  cor re la t ive  a p p r o a c h  in r e l a t i ng  
d i a m a g n e t i c  suscept ib i l i t ies  to  va lues  ca lcu la ted  f rom 
indices  o b t a i n e d  f rom Htickel  molecu la r  o rb i t a l  t h e o r y  ~. 
A t t e m p t s  to  cor re la te  e x p e r i m e n t a l l y  d e t e r m i n e d  dia-  
m a g n e t i c  suscept ib i l i t ies  b y  l inear  mul t ip le  regress ion 
ana lys i s  w i t h  molecu la r  o rb i t a l  indices :  ene rgy  of h ighes t  
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