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A n a t u r a l  e x t e n s i o n  to  t h i s  a r g u m e n t  is to  sugges t  t h a t  
Biological  Clocks o p e r a t e  as a r e su l t  of cyc l ica l  f luc tua -  
t i ons  in  i n t r a c e l l u l a r  A T P  (and  of c o n c o m i t a n t  changes  
in o t h e r  nuc leos ide  phospha t e s ) .  T h e r e  is o t h e r  ev idence  
moreover ,  to  sugges t  t h a t  such  A T P  v a r i a t i o n s  are  a 
c e n t r a l  f e a tu r e  of Biologica l  Clocks. Some ch lo rop las t s  
(which  are  k n o w n  to  c o n t a i n  a n  ac t om yos i n - l i ke  p r o t e i n  ~7) 
show a c i r cad i an  r h y t h m  of e x p a n s i o n  in t h e  d a r k  a n d  
c o n t r a c t i o n  u n d e r  i l l u m i n a t i o n  XS, x9 a p h e n o m e n o n  on ly  
exp l icab le  on  t h e  bas is  sugges ted  above .  

T h a t  t h e  f r e e - r u n n i n g  r h y t h m  m a y  be  q u e n c h e d  b y  
cold (as in  Carcinus maenas a or in  Gonyulax polyhedra 7) 
is also u n d e r s t a n d a b l e ,  for  if t h e  m e t a b o l i c  v a r i a b l e  
reaches  a n d  is m a i n t a i n e d  a t  i t s  m a x i m a l  level,  no  
cycl ical  v a r i a t i o n  is t h e n  poss ible  u n t i l  a r e d u c t i o n  on  
i t s  m e a n  level  occurs.  

I t  was  dec ided  f u r t h e r  to  t e s t  t h i s  genera l  p ropos i t ion .  
I n  m a n ,  a n d  o t h e r  m a m m a l s ,  t h e  m o s t  obv ious  n a t u r a l  
r h y t h m  is t h a t  of sleep, w h i c h  is co r re l a t ed  w i t h  o the r s  
such  as t h a t  of m i t o t i c  a c t i v i t y  ~°. I t  was  decided the re -  
fore to  d e t e r m i n e  if a l t e r n a t i o n s  in  A T P  level  c an  be  
co r r e l a t ed  w i t h  t h e  n a t u r a l  r h y t h m  of sleep a n d  wake-  
fulness.  

A le r t  or s leep ing  Golden  H a m s t e r s  (Mesocricetus aura- 
tus) were  ki l led  b y  s t u n n i n g  w i t h  a n  a i r  p i s to l  pel let .  
T h e  h e a d  was  t h e n  i n s t a n t l y  d e c a p i t a t e d  a n d  d r o p p e d  
i n to  l iqu id  n i t r o g e n  before  r e m o v a l  of t h e  f rozen b r a i n ;  
a n d  t h e  l iver  excized a n d  d r o p p e d  i n to  l iqu id  n i t r o g e n  
in a chi l led  m o r t a r .  B o t h  were  s e p a r a t e l y  g r o u n d  to  a 
f ine powder ,  t r i t u r a t e d  a n d  hom ogen i zed  w h e n  cold w i t h  
0 . 6 M  perch lo r ic  acid for  e x t r a c t i o n  of t h e  nuc leos ide  
p h o s p h a t e s ,  a n d  a f t e r  c e n t r i f ug i ng  a t  4°C, t he  c lear  
s u p e r n a t a n t s  were  used  for  A T P  e s t i m a t i o n ,  t h e  pe l l e t  
b e i n g  used  as t he  bas is  of a d r y  w e i g h t  e s t i m a t i on .  
A T P  levels  were t h e n  d e t e r m i n e d  b y  t he  m e t h o d  of 
ADAM 21 us ing  a n  U V - t e s t  k i t  (Boehr inge r  u n d  S6hne,  
M a n n h e i m ,  G e r m a n y )  a n d  expressed  on  a d r y  w e i g h t  
basis.  F u r t h e r  desc r ip t ions  of t h i s  m e t h o d  h a v e  been  
g iven  e lsewhere  S, a, ~2. A s u m m a r y  of t h e  r e su l t s  is g iven  
in t h e  Table .  

Intracellular ATP levels in the brain and liver of alert and sleeping 
golden hamsters (nmoles/mg dry weight) 

a) Liver 
Alert Sleeping 
5.34 -t- 0.77 7.87 4- 0.45 

b) Brain 
AIert Sleeping 
8.07 -4- 1.78 13.70 :~: 3.21 

I t  wil l  be  seen t h a t  A T P  levels in  b o t h  H a m s t e r  b r a i n  
a n d  l ive r  r ise  s ign i f i can t ly  w i t h  sleep, a n d  c lear ly  i nd i ca t e  
a d i u r n a l  r h y t h m  of A T P  level.  Moreover ,  A T P  levels  
are  also k n o w n  to  be h i g h  in h i b e r n a t i n g  a n i m a l s  a n d  
u n d e r  anaes thes ia22,  ~3. I t  is the re fo re  i n t e r e s t i n g  to  
ref lec t  t h a t  BULLOUGH 21,15 has  obse rved  a d i u r n a l  r h y t h m  
of m i t o t i c  m a x i m a  to  be  p r e s e n t  in n a t u r a l  sleep, a n d  
to be  i n d u c e d  u n d e r  b a r b i t u r a t e  anaesthesiaS°,  24. Much  
ev idence  ha s  m o r e o v e r  been  p re sen t ed  to  sugges t  a 
r e l a t i onsh ip  b e t w e e n  m i t o t i c  inc idence  a n d  ATP~5,2% 
PLESNER 27, moreover ,  ha s  s h o w n  a r h y t h m  of A T P  level  
in s y n c h r o n i z e d  cu l tu re s  of Tetrahymena pyri/ormis which  
cor re la tes  w i t h  t h e  r h y t h m  of cell  d iv is ion.  

P r e l i m i n a r y  ev idence  of s imi la r  c i r cad ian  v a r i a t i o n s  in  
A T P  level  h a s  also been  de t ec t ed  in cockroaches  a n d  in 
t he  shore  c rab ,  Carcinus meanas, a n d  will  be  p u b l i s h e d  
in due  course.  

I t  is t he re fo re  p roposed  t h a t  t he  p r i m a r y  u n d e r l y i n g  
r h y t h m  of Biologica l  Clocks m a y  be  one  of A T P  level 
(and of v a r i a t i o n s  in  t h e  co r r e spond ing  di- a n d  mono-  
phospha t e s ) .  T h e  e x p e r i m e n t a l  resu l t s  c i ted  a b o v e  lend 
s u p p o r t  to  t h i s  p ropos i t ion ,  wh ich  also af fords  a r e a d y  
e x p l a n a t i o n  of t h e  p h a s i n g  effects  of p a r a m e t e r s  of s ta te ,  
and  of t he  m e a n s  of t h e i r  t r a n s d u c t i o n .  

Zusammen[assung. Fes t s t e l lung ,  dass  sch la fende  Gold-  
h a m s t e r  e inen  h 6 h e r e n  A T P - G e h a l t  in  G e h i r n  u n d  L e b e r  
bes i t zen  als w a c h e  Tiere  u n d  dass  Zei tgeber ,  wie L i c h t  
u n d  T e m p e r a t u r ,  sowohl  Zel lv iskos i t i t t  als a u c h  A T P -  
N i v e a u  ve r i inde rn .  
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Liver and Uter ine  Lipid M e t a b o l i s m :  a C o m p a r a t i v e  S tudy  x 

AIZAWA a n d  MUELLER 2 were a m o n g  t h e  f i r s t  of severa l  
worker s  s-s to  s t u d y  t h e  effects  of e s t rogens  on  u t e r i n e  
l ip id  m e t a b o l i s m  b y  us ing  c a s t r a t e d  a n i m a l s  t r e a t e d  w i t h  
exogenous  ho rmones .  On ly  a few pe r sons  h a v e  s t ud i ed  u te -  
r ine  l ip id  m e t a b o l i s m  in n o r m a l  u n t r e a t e d  a n i m a l s  *-9. Since 
t h e  a b o v e  s tud ies  were p e r f o r m e d  to  e luc ida te  e i t h e r  
h o r m o n a l  ac t ions  or  n o r m a l  u t e r i ne  func t ion ,  e i t h e r  un-  
t r e a t e d  a n i m a l s  or  t i m e  was  used  as t he  con t ro l  reference.  
The  fo l lowing s t u d y  was  p e r f o r m e d  to  e v a l u a t e  u t e r ine  

l ip id  m e t a b o l i s m  in t e r m s  of a d i f fe ren t  reference,  i.e. 
l ive r  t i s sue  f rom t h e  s ame  ra t .  

Two to  t h r e e  n o r m a l  a d u l t  female  r a t s  ( H o l t z m a n  
C o m p a n y )  were  sacr i f iced b y  c ran ia l  f r ac tu re  d u r i n g  
each  s tage  of t he  e s t rous  cycle. (For  th i s  paper ,  t h e  d a t a  
are  n o t  e v a l u a t e d  as func t i ons  of t ime. )  Ute r i  a n d  l ivers  
were r e m o v e d  a n d  b l o t t e d  d r y  w i t h  f i l te r  paper .  T h e  
u t e r i  were  s l i t  l ong i tud ina l ly ;  t he  l ivers  were sl iced i n t o  
s t r ips  w h i c h  a p p r o x i m a t e d ,  as nea r ly  as possible,  t h e  
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Carbon 14 concentrations 
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No, Total Total Phospholipid Triglyccridc Sterol Free fatty 
rats lipid neutral lipid ester acid 

Liver 14 1160.9 (204.2) 1141.7 (176.2) 115.9 (25.0) 102.1 (24.0) 93.2 (51.7) 898.5 (167.4) 
Uterus 14 413.0 (69.6) 348.6 (70.7) 71.6 (21.3) 43.8 (11.5) 18.6 (5.8) 227.8 (39.7) 
P-value 0.0018" 0.0003* 0.1889 0.0379* 0.1635 0,0006* 

Carbon 14 concentrations are expressed as cpm/mg wet weight. Duplicate determinations Were performed on each specimen. Each value 
represents the average from 14 tissues and is presented with the standard error in brackets. As indicated by the asterisks, liver tissues 
incorporated significantly more 14C into the total lipid, total neutral lipid, triglyceride and free fatty acid fractions than did uterine tissue. 

l eng th ,  w id th ,  a n d  d e p t h  of t h e  opened  u t e r u s  f rom t h e  
s ame  ra t .  T h e  t i s sues  were  weighed  a n d  p laced  i n to  
10 m l  of H a n k s '  so lu t ion  a n d  0.01 mC of acetate- l -~4C 
a n d  i n c u b a t e d  for  2 h u n d e r  95% O~, 5% CO 2 a t  37°C 
in a s h a k i n g  m e t a b o l i c  i n c u b a t o r .  

Fo l lowing  i ncuba t i on ,  e n z y m a t i c  processes  were  s t o p p e d  
b y  qu i ck  f reezing a n d  w a t e r  was  r e m o v e d  b y  lyophi l i za -  
t ion .  The  l ip ids  were  e x t r a c t e d  w i t h  r e p e a t e d  washes  of 
c h l o r o f o r m - m e t h a n o l  9. The  t o t a l  l ip id  e x t r a c t  was  def ined  
b y  c h a n g i n g  t h e  so lven t  s y s t e m  to  ch lo ro fo rm a n d  f i l t e r ing  
o u t  p r e c i p i t a t e d  m a t e r i a l s  as desc r ibed  e lsewhere  g,10. 
Samples  of t h e  t o t a l  l ip id  f r ac t i on  were  r e m o v e d  a n d  
14C c o n c e n t r a t i o n s  were  m e a s u r e d  us ing  s t a n d a r d  t ech-  
n iques  a n d  a P a c k a r d  T r i -Ca rb  l iqu id  sc in t i l l a t i on  spec- 
t r o m e t e r .  

N e u t r a l  l ip ids  were s e p a r a t e d  f rom t h e  p h o s p h o l i p i d s  
b y  ace tone  p r e c i p i t a t i o n  w i t h  MgC12 a t  4 °C followed b y  
f i l t r a t i o n  x°. B o t h  f r ac t ions  were r ecovered  a n d  t h e  x~C 
c o n c e n t r a t i o n  in each  was  measu red .  

N e u t r a l  l ip ids  were  s e p a r a t e d  i n to  classes b y  t h i n - l a y e r  
c h r o m a t o g r a p h y  us ing  sil ica Gel  G a n d  deve lop ing  w i t h  
7% e t h y l  e t h e r  in  p e t r o l e u m  e t h e r  (v/v).  T he  va r i ous  
l ip id  classes  were col lec ted  a n d  t h e i r  14C c o n c e n t r a t i o n s  
measu red .  D u p l i c a t e  ana lyses  were p e r f o r m e d  on  each  
sample .  All  xaC c o n c e n t r a t i o n s  were  cor rec ted  for  v o l u m e  
changes ,  b a c k g r o u n d  ac t iv i ty ,  a n d  m a c h i n e  f l u c t u a t i o n s  
a n d  expressed  as c p m / m g  we t  weight .  

L i v e r  t i ssue  i n c o r p o r a t e d  s ign i f i can t ly  more  a c e t a t e  
in to  t h e  t o t a l  l ip id  f r ac t ion  t h a n  d id  u t e r i ne  t i ssue  
(p < 0.002). T h e  t o t a l  l ip id  1~C c o n c e n t r a t i o n s  a v e r a g e d  
1161 a n d  413 c p m / m g  for  l iver  a n d  u t e r i ne  t issues,  respec-  
t i v e l y  (Table) .  As re f lec ted  b y  t h e  s t a n d a r d  errors ,  incor-  
p o r a t i o n  also v a r i e d  more  in l iver  t issue.  

No t i ssue  di f ferences  in  x4C i n c o r p o r a t i o n  in to  p h o s p h o -  
l ipids  ex is ted  (p > 0.1). The  t o t a l  n e u t r a l  l ip id  f r ac t ions  
of l iver  c o n t a i n e d  more  14C t h a n  d id  those  of u t e r i  
(p < 0.001). T h e  increased  i n c o r p o r a t i o n  b y  l iver  could  
be  p a r t i a l l y  a c c o u n t e d  for  b y  t h e  r ap id  r a t e  of f a t t y  
acid syn thes i s .  T h e  14C c o n c e n t r a t i o n  in free f a t t y  acids  
f rom l iver  was  4 t i m e s  g rea t e r  t h a n  t h e  14C c o n c e n t r a t i o n  
f r o m  u t e r i n e  t i s sue  ( i0< 0.001). Es t e r i f i c a t i on  of f a t t y  
acids to  s te ro ls  p roceeded  a t  s imi la r  r a t e s  in  b o t h  tis- 
sues, a n d  no  di f ferences  b e t w e e n  t h e m  were d e t e c t e d  in  
s terol  es te r  laC c o n c e n t r a t i o n s  ( p >  0.1). L i v e r  t i s sue  
i n c o r p o r a t e d  more  1~C in to  t r ig lycer ides  t h a n  d id  u t e r i n e  
t i ssue  (p < 0.05). E v e n  t h o u g h  l iver  t i s sue  i n c o r p o r a t e d  
x4C in to  f a t t y  ac ids  4 t i m e s  f a s t e r  t h a n  d id  u t e r i ne  t issue,  
t h e  f o r m a t i o n  of t r ig lycer ides  b y  l iver  was  on ly  2.4 t i m e s  
fas ter .  Hence ,  w h e n  cons ide red  as a f unc t i on  of f a t t y  
ac id  syn thes i s ,  t he  u t e r i n e  t i ssue  es ter i f ied f a t t y  acids  
i n to  t r ig lycer ides  more  qu ick ly  t h a n  d id  l iver  t issue.  

F o r  a de ta i l ed  a c c o u n t  of l ip id  b iosyn thes i s ,  t h e  r eade r  
is re fe r red  to  t h e  exce l l en t  r ev iew ar t ic les  b y  FRANTZ n,  
WAKIL 12, a n d  SHAPIRO 13. 

E x c e p t  for p h o s p h o l i p i d s  a n d  s te ro l  esters,  l ive r  t i s sue  
i n c o r p o r a t e d  more  x4C in to  t h e  va r ious  l ip ids  t h a n  d id  
u t e r i ne  t i ssue  f rom t h e  s a m e  ra t .  T h i s  r e l a t i on  b e t w e e n  
t h e  t i ssues  was  n o t  d e p e n d e n t  u p o n  t i m e  in t h e  es t rous  
cycle;  2 -3  samples  of each  t i s sue  were  i n c u b a t e d  for  
e ach  p h a s e  of t h e  cycle, ye t  in  on ly  2 u n r e l a t e d  i n s t a n c e s  
d id  t h e  t o t a l  14C i n c o r p o r a t i o n  b y  u t e r ine  t i ssue  exceed 
t h a t  b y  l iver.  

U t e r i n e  t i s sue  es ter i f ied  newly  syn the s i zed  f a t t y  acids  
in to  t r ig lycer ides  f a s t e r  t h a n  c o m p a r a b l e  l iver  t issue.  
Th i s  f i nd ing  s u p p o r t s  o t h e r  s tud ies  w h i c h  h a v e  d e m o n -  
s t r a t e d  t h a t  t h e  r a t  u t e r u s  p r e f e r en t i a l l y  syn thes i ze s  a n d  
a c c u m u l a t e s  t r ig lycer ides  d u r i n g  t h e  p o s t - c o p u l a t o r y  pe-  
r iod  as a p r e l u d e  to n i d a t i o n  s, 9. 

Zusammen/assung. I n - v i t r o - I n k u b a t i o n  yon  Leber -  
u n d  U t e r u s g e w e b e  de r  1Ratte in  A z e t a t - l - C  14 e rgab  be t  
b e i d e n  Geweben  I n k o r p o r a t i o n  g le icher  M e n g e n  v o n  C I* 
pro  m g  F r i s c h g e w i c h t  in  Phospho l i po ide  u n d  in E s t e r -  
choles te r in .  Die  L e b e r  s y n t h e t i s i e r t  woh l  ~ascher  F e t t -  
s~iuren, v e r m a g  sic abe r  weniger  schnel l  in  die Tr ig lycer ide  
e i n z u b a u e n  als de r  Ute rus .  
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