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Effects of Sleep Deprivat ion  on the Per iodic i ty  of 

W e  h a v e  b e e n  us ing  t h e  hepa t i c  e n z y m e  ty ros ine  amino-  
t r a n s f e r a s e  (EC 2.6.1.5, L- tyros ine  : 2 -oxog lu t a ra t e  a m i n o -  
t rans fe rase)  to  assess t h e  m a g n i t u d e  of m e t a b o l i c  re- 
sponse  to  e n v i r o n m e n t a l  s t ressesL Th i s  e n z y m e  is ins t ru -  
m e n t a l  in  t h e  m e t a b o l i s m  of i ts  subs t r a t e ,  ty ros ine ,  in i t i a t -  
ing i ts  conve r s ion  in t h e  l iver  to  c a r b o h y d r a t e  i n t e rme-  
dia tes .  A l t h o u g h  m a n y  inves t i ga to r s  h a v e  r epo r t ed  on  t h e  
h o r m o n a l  i n d u c t i o n  2-~ d i u r n a l  r h y t h m i c i t y  G-7 a n d  chemi-  
cal  a l t e r a t i o n  of e n z y m a t i c  a c t i v i t y  8,9 few s tud ies  h a v e  
e x a m i n e d  t he  p o t e n t i a l l y  i m p o r t a n t  r e l a t ionsh ip  b e t w e e n  
large increases  in  e n z y m e  a c t i v i t y  a n d  s u b s t r a t e  ava i lab i l i -  
t y  l ° , n  Accord ingly ,  in  t h i s  i n v e s t i g a t i o n  we h a v e  de- 
t e r m i n e d  t h e  effects  of p ro longed  sleep d e p r i v a t i o n  on  t he  
pe r iod ic i ty  a n d  a c t i v i t y  of t y ro s ine  a m i n o t r a n s f e r a s e  as 
wel l  as s u b s t r a t e  c o n c e n t r a t i o n  in  b o t h  l iver  a n d  p lasma .  

Mater ia ls  and  methods. E x p e r i m e n t a l  an imals .  Adul t ,  
male ,  Swiss W e b s t e r  mice  (Type  CD-1, Char les  R i v e r  
Breed ing  Labora to r i e s ,  W i l m i n g t o n ,  Massachuse t t s )  were 
a l lowed free access to  food ( Pu r i na  L a b  Chow) a n d  w a t e r  
for  1 week  pr io r  to  t he  s t a r t  of t h e  expe r i m en t .  T he  ani-  
m a l s  were  he ld  in a room a t  70°F  4- 2 w i t h  a l t e r n a t i n g  
l i gh t  (06.00-18.00 h) a n d  d a r k  (18.00-06.00 h) so t h a t  
n a t u r a l l y  occur r ing  per iodic  osci l la t ions  m i g h t  be  esta-  
b l i shed  a n d  s tabi l ized.  A n i m a l s  were  sacr i f iced a t  08.00 h 
a n d  20.00 h, t i m e s  of m i n i m a  a n d  m a x i m a ,  respect ive ly ,  of 
e n z y m a t i c  ac t iv i ty .  

Sleep deprivation.  Mice were  dep r ived  of sleep b y  a s l igh t  
mod i f i c a t i on  of t he  t e c h n i q u e  r e p o r t e d  b y  MARK e t  al. ~2. 
Corks (2 cm d iame te r )  are f a s t ened  to  a m e t a l  p l a t e  wh ich  
is p laced  in a large  Plexig las  t ank .  T h e  w a t e r  level  in  t he  
t a n k  is b r o u g h t  to  w i t h i n  1 cm of t h e  t o p  of t h e  corks  on  
w h i c h  t h e  a n i m a l s  are  placed.  Hence ,  t h e  mice  m u s t  m a i n -  
t a i n  a degree  of b o d y  tone  to  avo id  t o p p l i n g  in to  t h e  water .  
Food  a n d  w a t e r  b o t t l e s  are  s u s p e n d e d  on  a wire  mesh  
a p p r o x i m a t e l y  12 cm a b o v e  t h e  d r y  surface  of t h e  corks,  
a n d  t he  a n i m a l s  h a v e  no  d i f f i cu l ty  in  feeding.  T he  mice  
weighed  30-35 g a t  sacrifice. A l t h o u g h  q u a n t i f i c a t i o n  of 
food i n t a k e  was  no t  a t t e m p t e d ,  a n i m a l s  seemed  to  t a k e  
food r e a s o n a b l y  wel l  p a r t i c u l a r l y  t h r o u g h  t he  f i r s t  72 h 
of sleep d e p r i v a t i o n  w i t h  no  s ign i f i can t  w e i g h t  losses 
d u r i n g  t h i s  t ime .  T h e y  were  e x s a n g u i n a t e d  b y  ca rd iac  
punc tu re ,  a n d  t h e  b lood  was  col lected in  hepa r i n i zed  
tubes .  The  an ima l s  were t h e n  sacr i f iced b y  cerv ica l  dis- 
locat ion,  a n d  t h e  l ivers  were r emoved .  B o t h  p l a s m a  a n d  
l iver  s amples  were  f rozen u n t i l  assay.  

Assays.  Ty ros ine  a m i n o t r a n s f e r a s e  was assayed  accor- 
d ing  to  t he  m e t h o d  of DIAMONDSTONE xa w i t h  d i e thy ld i t h io -  
c a r b a m i c  acid i n c o r p o r a t e d  in to  t h e  a s say  to  p r e v e n t  t h e  
s p o n t a n e o u s  o x i d a t i o n  of p - h y d r o x y p h e n y l p y r u v i e  acid. 
Specif ic  a c t i v i t y  is expressed  in t e r m s  of vtmoles of pro-  
d u c t  f o r m e d  pe r  h o u r  pe r  g l iver  w e t  weight .  

Ty ros ine  in  l iver  a n d  p l a s m a  was  as sayed  f luoromet r i -  
ca l ly  w i t h  a F a r r a n d  ra t io  f l u o r o m e t e r  us ing  glass fi l ters.  
C o n c e n t r a t i o n s  were  d e t e r m i n e d  b y  t h e  m e t h o d  of WAAL- 
KES a n d  UDENFRIEND 14 w i t h  f i l ters  CS 4 -76  a n d  CS 3-110 
p r o v i d i n g  e x c i t a t i o n  a n d  emiss ion  w a v e l e n g t h s  of 460 n m  
a n d  570 nm.  

Results .  Figure  1 i l l u s t r a t e s  t h a t  a l t h o u g h  levels  of 
h e p a t i c  t y ro s ine  a m i n o t r a n s f e r a s e  (TAT) are  s ign i f i can t ly  
increased  a t  each  of t h e  s a m p l i n g  per iods  (p < 0.025), t he  
pe r iod ic i ty  is m a i n t a i n e d  t h r o u g h  60 h of sleep dep r iva -  
t i on  w i t h  a g rea t e r  t h a n  n o r m a l  a m p l i t u d e .  However ,  i t  
shou ld  be  n o t e d  t h a t  b e t w e e n  72-84 h pe r iod ic i ty  is abol-  
i shed  as a resu l t  of m a r k e d  increases  in  e n z y m e  i n d u c t i o n  
c u l m i n a t i n g  a t  96 h w i t h  a specif ic  a c t i v i t y  of nea r ly  2100 
uni t s .  Thus ,  t h e  i n t e n s i t y  of t he  s t ress  r e sponse  increases  
w i t h  t ime,  a n d  m a x i m a l  e n z y m e  a c t i v i t y  occurs  b e t w e e n  
72-96  h of sleep dep r iva t i on .  

T y r o s i n e  M e t a b o l i s m  in Mice 

Figure  2 shows t h a t  d u r i n g  the  f i r s t  60 h of sleep depr i -  
va t ion ,  h e p a t i c  levels of t y ro s ine  are s ign i f i can t ly  e leva t -  
ed, a n d  a t  72 h are  nea r ly  100% a b o v e  con t ro l  va lues  
(p < 0.001). However ,  be tween  72 and  96 h va lues  d rop  
p rec ip i tous ly  poss ib ly  as a resu l t  of the  m a r k e d  increases  in  
e n z y m e  a c t i v i t y  n o t e d  a t  84 a n d  96 h (Figure  1). 

F igu re  3 d e m o n s t r a t e s  t h a t  no  s ign i f i can t  a l t e r a t i o n s  
occur  in  p l a s m a  ty ros ine  c o n t e n t  t h r o u g h  72 h of s leep 
d e p r i v a t i o n ;  however ,  t h e r e a f t e r  i t s  c o n c e n t r a t i o n  s h a r p l y  
decreases  whi le  h e p a t i c  levels  of T A T  are  increas ing  5 to  7 
t i m e s  a b o v e  con t ro l  values .  

Discussion.  The  resu l t s  i nd i ca t e  t h a t  sleep d e p r i v a t i o n  
af fec ts  t h e  r egu la t i on  a n d  pe r iod ic i ty  of t h e  m e t a b o l i s m  of 
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Fig. I. Effects of sleep deprivation on the daily rhythmicity of hepatic 
tyrosine aminotransferase. Specific activity units are [.tmoles p-hydro- 
xy-phenylpyruvie acid formed/hit liver wet weight. Each point re- 
presents the mean of a minimum number of 5 animals -4- I S.E.M. 
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tyrosine.  Moreover,  the  magn i tude  of  the  effect  increases 
wi th  prolonged sleeplessness par t icu la r ly  in the  t i m e  per iod 
be tween  72 and 96 h. In  a separa te  exper iment ,  we have  
noted ex t remely  high levels  for p lasma cor t icosterone a t  
these t ime  in tervals  which correlate  wi th  and can expla in  
the  high levels  of enzyme  ac t i v i t y  noted.  Tyros ine  amino-  
transferase seems to  be par t i cu la r ly  sensi t ive to  sleep de- 
p r iva t ion  resul t ing in e x t r e m e l y  h igh  levels  of enzyme  ac- 
t iv i ty .  Similar ly,  we had  previous ly  no ted  t h a t  when  mice 
are exposed to acute  cold stress (0-4°C), there  is also a 
marked  effect  upon the  ac t i v i t y  and per iodic i ty  of TAT.  

Interes t ingly ,  hepat ic  tyrosine concent ra t ion  is e levat -  
ed th rough  84 h of sleep depr iva t ion  cu lmina t ing  in a 
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Fig. 2. Effects of sleep deprivation on hepatic levels of tyrosone (~tg 
tyrosine/g liver wet weight). Each point represents the mean of a mi- 
nimum number of 5 animals, and vertical lines denote :t: 1 S.E.M. 
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Fig. 3. Effects of sleep deprivation on plasma levels of tyrosine in 
terms of ~g tyrosinelml plasma. Each point represents the value of 
pooled plasma from at teast 5 animals performed in duplicate. 

sharp decline a t  96 h. In  v iew of t he  increased ac t iv i ty  of 
tyros ine  aminotransferase ,  it, a t  first, appears  plausible 
t h a t  hepat ic  and p lasma tyrosine levels m a y  decline. How-  
ever,  tyros ine  concent ra t ions  can be main ta ined  by  inges- 
t ion,  ca tabol i sm of pro te in  or  convers ion f rom phenyl-  
a lanine  z°, and our  work  wi th  o ther  enzyme-subs t ra te  
sys tems  indicates  the  l a t t e r  mechan i sm is p robab ly  mos t  
responsible  for ma in ta in ing  hepa t ic  and p lasma  tyrosine.  

The  m e t h o d  of sleep depr iva t ion  used in this  s tudy  dis- 
tu rbs  the  per iod ic i ty  of tyros ine  v ia  the  induct ion  of its 
ca tabol ic  enzyme dur ing the  first  60-72 h of sleeplessness. 
However ,  i t  appears  plausible t h a t  p lasma levels of this 
amino  acid are being ma in ta ined  most  i m p o r t a n t l y  by  he- 
pa t ic  reple t ion (phenytalanine -+ tyrosine).  Fur ther ,  i t  is 
appa ren t  t h a t  w i th  prolonged sleep depr iva t ion  the  stress 
response intensifies wi th  concommi t an t  increases in p lasma 
cor t icosterone and enzyme  act iv i ty .  Thus,  wi th  l imi ted  
amino  acid avai labi l i ty ,  enzyme induct ion  m a y  reduce 
tyros ine  concent ra t ions  in the  l iver  and plasma,  and hence 
i ts  ava i lab i l i ty  for thyroxin ,  protein,  and  ca techolamine  
synthesis.  I n  fact ,  CURZON and GREEN 15 re la te  decreases 
in bra in  serotonin  to  an  increase in l iver  t r y p t o p h a n  oxy-  
genase ac t i v i t y  in immobi l ized  rats.  In  a ve ry  recent  publi-  
cation,  FERNSTRO3/I and WURTMAN 16 conf i rm these re- 
sults suggest ing t h a t  p l a sma  t r y p t o p h a n  concent ra t ions  
m a y  affect  bra in  serotonin levels. Hence,  i t  appears  l ikely 
t h a t  the  precipi tous  decrease in hepa t ic  and p lasma tyro-  
sine concent ra t ions  dur ing  the  f inal  72-96 h of sleep de- 
p r iva t ion  m a y  be closely re la ted  to  t he  sharp  increases in 
enzyme ac t i v i t y  observed dur ing this  in terval .  

Rdsumd. La p r iva t ion  de sommei l  pendan t  96 h a cr~e 
des rup tures  duns la p~riodicit6 d ' enzyme- ty ros ine -ami-  
notransf6rase  du foie, A cause de l ' induct ion.  Des concen- 
t ra t ions  h~pat iques  de tyros ine  on t  augment6  alors que  sa 
pr6sence duns le p la sma  ru t  sans effet. La  p r iva t ion  de 
sommei l  affecte non seulement  les r h y t h m e s  quot idiens  
naturels ,  mais,  si elle est prolongfie, elle intensifie la r6- 
ponse de ,s t ress  + g6n6ralis6 peut-~tre  au po in t  d 'a f fec ter  
n o t a b l e m e n t  l ' e f fe t  de l ' ac ide  amid~. 

1:{.. P .  FRANCESCONI a n d  M.  I~IAGER 17 

Biochemistry and Pharmacology Laboratory, 
U.S. Army Research Institute of Environmental Medicine, 
Natick (Massachusetts 01760, USA), 4 May 1971. 

ts G. CURZON and A. R. GREEN. Br. J. Pharmac. 37, 689 (1969). 
16 j ,  D. FERNSTROM and R. J. WURTMAN, Science 173, 149 (1971). 
17 Acknowledgments. We wish to express our appreciation to SP-5 

R. COTTER and SP-5 Th. SPEITEL for their technical assistance. 

C u m u l a t i o n  of  L i v e r  L i p i d s  a f t e r  A d m i n i s t r a t i o n  o f  I r o n  

W h e n  pe rox ida t ive  degrada t ion  of polyenic  f a t t y  acids 
in the  l iver  t issue in v i c e  is ac t iva ted  by  d iva len t  iron and 
ascorbic acid adminis t ra t ion ,  a s imul taneous  accumula-  
t ion of neut ra l  l iver  l ipids was found 1. This  effect of i ron 
has  no t  been  descr ibed solar.  T h a t  is the  reason w h y  we 
s tudied the  inf luence of iron on the  cumula t ion  of d i f ferent  
l iver  l ipid fractions.  

Male whi te  mice (strain H - KonArovice) weighing 
20-25 g kept  on a s t andard  l abora to ry  die t  were  used in 
the  exper iments .  

I ron  was adminis te red  in solut ion wi th  ascorbic acid 
(Fe-AA complex) ;  conta in ing  0 . 1 M  FeClz and 0 .2M 
ascorbic acid neut ra l ized  by  sodium hydrox ide  solut ion to 
p H  7.4. The  dose was 0.5 m m o l  FeZ+]kg. The  animals  


