
THE CHRONOPHARMACOLOGY OF L-DOPA: IMPLICATIONS FOR 

ORTHOCHRONAL THERAPY IN THE PREVENTION OF CIRCADIAN DYSCHRONISM 

BY 

Charles F. Ehret, John C. Meinert and Kenneth R. Groh 

Prepared for 

International Symposium on 

Clinical Chronopharmacy, Chronopharmacology, Chronotherapeutics 

Tallahassee, Florida 

February 10-12, 1978 

MASTER 
L 

- - 
UolC-AUA-USDOE 

ARGONNE NATIONAL LABORATORY, ARGONNE-, ILLINOIS 

Operated under Contract W-31-109-Eng-38 for the 

U. S. DEPARTMENT OF ENERGY 
-UTm23 3!EB Docu- -8 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



The facilities of Argonne National Laboratory a re  owned by the United States Govern- 
ment. Under the te rms  of a contract (W-31- 109-Eng- 38) between the U. S. Department of En- 
ergy, Argonne Universities Association and The University of Chicago, the University employs 
the staff and operates the Laboratory in accordance with policies and programs formulated, ap- 
proved and reviewed by the Association. 

. ) L. . .  

The University of Arizona 
Carnegie -Mellon University 
Case Western Reserve University 
The University of Chicago 
University of Cincinnati 
Illinois Institute of Technology 
University of Illinois 
Indiana University 
Iowa State Univer iity 
The University of Iowa 

Kansas State University 
The University of Kansas 
Loyola University 
Marquette University 
Michigan State University 
The University of Michigan 
University of Minnesota 
University of Missouri 
Northwestern Unives sity 
University of Notre Darrle 

ASSOCIATION 

The Ohio State University 
Ohio University 
The Pennsylvania State University 
Purdue University 
Saint Louis University 
Sauthern Illinois University 
The University of Texas at Austin 
Washington University 
Wayne State University 
The University of Wisconsin 

This report was prepared as an account of work sponsored 
by the United States Government. Neither the United States 
nor the United States Department of Energy, nor any of their 
employees, nor any of their corltractors, subcontractors, or 
their employees, makes any warranty, express or  implied, 
or assumes any legal liability or responsibility for the ac- 
curacy, completeness or  usefulness of any information, ap- 
paratus, product or  process disclosed, or represents that its 
use would not infringe privately-owned rights. Mention of 
commercial products, their manufacturers, or their suppli- 
e r s  inthis publication does not imply or connote approval or 
disapproval of the product by Argonne Nat~onal LaBOfatory 
or the U. S. Department of Energy. 



* 
O To be published i n  t h e  "Proceedings of the  In te rna t iona l  Conference on 

Chronopharmacology", I n t e r n a t i o n a l  Symposium on C l i n i c a l  Chronopharmacy, 

4 -  Chronopharmacology, Chronotherapeutics, t o  be he ld  Feb. 10-12, 1978 i n  
Tallahassee,  FL 

The Chronopharmacology o f  L-DOPA: Implicat ions f o r  

Orthochronal Therapy i n  t h e  Prevention of  Circadian Dyschronism* 

Charles F. Ehret ,  John C. Meinert . . 

and Kenrieth R. Groh . . 

Division o f  Biological  and Medical Research 
< 

- 'Argonne National  Laboratory 

Argonne, I l l i n o i s  60439 

Shor t  T i t l e  (running head) : Chronopharmacology and Orthochronal Use o f  L-DOPA 

* 
Work supported by t h e  U.S. Department o f  Energy 

By acceptance of this article, the 
publisher or recipient acknowledges 
the U. S. Government's right to  
retain a nonexclusive, royalty-free 
license in and to  any copyright 
covering the article. 



INTRODUCTION 

The v a s t  majori ty of  chronopharmacologically o r i e n t e d  s t u d i e s  repor ted  

t o  da te  have tended t o  focus upon such r e l a t i v e l y  gross  performance measures 

as enhanced v i a b i l i t y ,  enlarged to lerance ,  and diminished s u s c e p t i b i l i t y  t o  

t o x i c  agents and t o  drugs a s  a funct ion o f  the  c i rcad ian  system phase a t  the  

time of adminis t ra t ion  of the  agent of  choice (Reinberg and Halberg, 1971, 

Moore Ede, 1973, Halberg e t  a l . ,  ,1973, Sothern e t  a l . ,  ,1977). Few s t u d i e s  

have employed what we have chosen t o  c a l l  the  orthochronal  molecular approach', 

i n  which the  "correc t  time" f o r  administering an agent is  imputed from what I 
I 

we.know about t h e  molecular chronotype of  t h e  organism, and i n  which acceptable  I 

! 
I 

performance o r d i n a r i l y  corresponds t o  more s u b t l e  measures, inc luding e s p e c i a l l y  1 

- .  t h e  absence of  dyschronogenic o r  o f  phase s h i f t i n g  e f f e c t s .  By way o f  example, I 

t he . chronob io t i c  ac t ion  o f  the  methylated xanthines (Ehret  e t  a l . ,  1'975, Mayer 

and Scherer, 1975) c o r r e l a t e s  d i r e c t l y  with t h e i r  temporally c h a r a c t e r i s t i c  

ac t ion  on glycogen deple t ion and on chronotypical ly inducible  enzymes (Ehret  

and P o t t e r ,  1974); i f  phase delay o r  phase advance i s  t o  be aver ted ,  then these  

drugs a r e  not  t o  be ' t aken  during e i t h e r  the  very e a r l y  o r  very l a t e  hours of  

t h e  a c t i v e  phase (Ehret e t  a l . ,  1977a). S imi la r ly ,  catecholamine formation 
. . 

i n  t h e  rodent b r a i n  is  s e n s i t i v e  t o  food inges t ion - a high p r o t e i n  meal i n -  

creases  t h e  syn thes i s  o f  catecholamines; a meal t h a t  is high i n  carbohydrates 

prevents  t h i s  inc rease  and causes an acce le ra t ion  i n  t h e  r a t e  of se ro ton in  

syn thes i s  (Fernstrom, 1976). Since high l e v e l s  o f  norepinephrine appear 

chronotypical ly during t h e  a c t i v e  phase , .and o f  serotonin  during t h e  i n a c t i v e  
Sauerbier  and. Mayersbach, 1976, 

phase o f  t h e  c i rcadian cycle (Schering e t  a l . ,  1968,/Ehret e t  a l . ,  1977b), it 

follows t h a t  an orthochronal  d i e t  (high p r o t e i n  b reakfas t ,  high carbohydrate 

supper) ought t o  be ' super ior  t o  a heterochronal  d i e t  (high carbohydrate 



breakfas t ,  high p r o t e i n  supper) i n  avoiding dyschronogenesis under duress.  

Experiments on t h e  c i r c a d i a n  regula t ion o f  body temperature i n  t h e  Rat c l e a r l y  

show t h a t  t h i s  is  indeed the  case (Ehret e t  a l . ,  1977a). Fur ther  considera-  

t i o n s  o f  t h e  a p p a ~ e n t l y  general  and, a t '  t he  same time, c e n t r a l  r o l e  o f  t h e  

catecholamine and indoleamine metabolic pathways i n  c i rcad ian  regu la t ion  have 

l e d  t o  t h e  conclusion t h a t  de le te r ious  a s  well a s  b e n e f i c i a l  e f f e c t s , o u g h t  t o  

be expected t o  a r i s e  from e i t h e r  the  heterochronal  o r  t h e  orthochronal  cir-  

1 cadian in te rven t ion  t h a t  must be assoc ia ted  with t h e  app l i ca t ion  o f  any one 

o f  t h e  bourgeoning a r ray  o f  ant ihyper tens ive ,  anes the t i c ,  and psychotropic 

drugs t h a t  inf luence  these  pathways. Against t h i s  background, we p red ic ted  

t h a t  L-B-3,4-dihydroxyphenylalanine (L-DOPA), given i n  t h e  food, would a c t  a s  a 

chronobiotic,  and under some condit ions be dyschronogenic. We a l s o  chose I 

I 

t o  t e s t  i t  chronopharmacologically because of  i ts  importance i n  medicine, 

because of  i ts  s p o t t y  r e c o r d  i n  a l l e v i a t i n g  the  symptoms o f  parkinsonism 

I (Goodman and Gilman, 1975),, and because of  i t s  c e n t r a l  r o l e  i n  catecholamine 

metabolism (Duncan, 1972). The r e s u l t s  given below descr ibe  t h e  inf luence  

of t h e  c i rcad ian  phase time-of-administration of  L-DOPA given i n  t h e  food 

upon th.e c i rcadian rhythm of  whole animals, a s  judged by measures of core 

temperatures i n  male rats. Also t e s t e d  a r e  t h e  animals'  a b i l i t i e s  t o  respond 

t o  food-induced phase s h i f t s  o f  90, 180, and 270 degrees as a func t ion  o f  

t h e  presence o r  absence of  L-DOPA i n . t h e  f o o d . e i t h e r  e a r l y  o r  l a t e  i n  t h e  

feeding phase. 

MATERIALS AND METHODS 

Male r a t s  of the  Charles River CD s t r a i n  between 6 and 12 months o f  I 
age were housed ind iv idua l ly  i n  t h i r t y - s i x  c y l i n d r i c a l  g l a s s  cages, suspended 

on s t a i n l e s s  s t e e l  wire g r ids ,  and v i s u a l l y  i s o l a t e d  from one another  by a 



foil-wrapped b a r r i e r  t h a t  a l s o  served a s  a radio-frequency s h i e l d .  Deep-body 

temperatures of  each animal were monitored by miniature radiote lemeters  (LeBuis 

i and E i s  l e r ,  19 77) implanted i n t r a p e r i  toneal  l y ,  and temperature measures were 

recorded on tape  a t  20 m i n t e r v a l s .  Programmed feeding o f  t h e  animals was 

1 accomplished by s t a i n l e s s  s t e e l  food hoppers, two p e r  cage, which can e n t e r  

o r  leave t h e  cage a r e a  on clock command by a motor switching system. This 

1 . .  ' 

arrangement permits  the  s p l i t t i n g  of t h e  feeding phase (F) during "feed-starve" 

(FS) entrainment cycles  i n t o  an e a r l y  feeding (F1, l i k e  l%reakfas t l l )  and a 

later feeding (F2, l i k e  "supper") thus allowing the  adminis t ra t ion  of  a 

chronobiotic i n  t h e  d i e t  a t  various times o f  the  day. D i s t i l l e d  water  was 

1 continuously ava i l ab le .  . . 

i 
Illuminat'ion during entrainment was provided by 15 W day l igh t  f luorescen t  . 

lamps t h a t  contr ibuted about 800 lux a t  cage l e v e l  during L phases of l igh , t -  

~ "dark'l (LD) cycles;  the  l a t t e r  consis ted  o f  16 h o f  D and 8 h o f  L d a i l y  
I 

(DL 16:8). During D phases cages were dimly i l luminated a t  about 30 lux  from 
I 

i 15 W incandescent lamps operated constant ly  a t  70% f u l l  power. Animals were ~ 
housed i n  con t ro l l ed  environment rooms maintained a t  20°C and 50% R.H. The 

i e n t i r e  system f o r  programmed feeding and d a t a  acqu i s i t ion  i s  described i n  

d e t a i l  elsewhere (Meinert e t  a l . ,  1977). 

Unless otherwide s t a t e d ,  t h e  animals were f e d  a s tandard  c o n t r o l  d i e t  of  

Wayne Lab Blox (24% pro te in ,  Wayne Laborator ies) .  The adminis t ra t ion  of  L-DOPA 
3 

i n  t h e  d i e t  was accomplished by first pu lver iz ing  the- con t ro l  d i e t  and then 

adding t o  it an aqueous suspension o f  L-DOPA (L-6-3,4-dihydroxyphenylalanine, 

Sigma Chemical Co.) . This was then mixed, formed i n t o  shee t s  (approximately 13 

mm. i n  th ick)  arid baked a t  200°F f o r  30 min t o  d r i v e  o f f  ' t h e  bulk o f  the  

moisture. The f i n a l  concentrat ion o f  L-DOPA i n  the  d i e t  was 30 mg L-DOPA p e r  

g chow. 



S t a t i s t i c a l  t ime-series ana lys i s  o f  temperature da ta  was accomplished 

following t h e  cos inor  method o f  Halberg e t  a l .  (1972) and Rummel e t  a l .  

(1974). Br ie f ly ,  a s i n g l e  cosine funct ion i s  appl ied  t o  t ime-ser ies  d a t a  

using t h e  method of  l i n e a r  l e a s t  squares.  In  addi t ion ,  confidence regions 

are c a l c u l a t e d  f o r  the  mesor (M) , t h e  s t a t i s t i c a l l y  adjus ted  mean of  the  

rhythm; amplitude (A), t h e  maximum cosine height  from t h e  mesor; and acro- 

phase (4) Halberg and Katinas (1973)., t h e  time o f  day when the  amplitude o f  

the  cosine funct ion i s  g r e a t e s t .  By way of  example, consider Figures 1, 5, 7, 

and 9 which show t y p i c a l  longi tudinal  c i rcad ian  chronograms of  raw d a t a  of  

rodent i n t r a p e r i t o n e a l  temperature. Using the  cos inor  s t a t i s t i c a l  procedure, 

under a v a r i e t y  of  experimental exposure condit ions,  average d a i l y  tempera- 

t u r e s  (mesors) remain remarkably constant  (37.54 C, SE ? 0.02) ; whereas thermal 

.peaks (acrophases) and excursions f r o m  t h e  mesors. (amplitudes) vary consid- 

erably;  the  l a t t e r  measures along with t h e i r  99% confidence a r c s  (CA) and 

' .  99% confidence i n t e r v a l s  (CI) a r e  given i n  ~ i ~ u r e s  2, 3, 6 ,  8, 10, and 11. 
..->, . 

RESULTS .. . . - 
1 .  

. . - .  . . 

The top f o u r  telemetry t r a c i n g s  o f  Figure 1 show t h a t  r a t s  accl imat ized 

t o  t h e  presence o f  L-DOPA i n  t h e  d i e t  f o r  h a l f  o f  each day f o r  s e v e r a l  days 

(days 12-14) r e t a i n  a s  s t rong  a c i rcad ian  rhythm (remain a s  euchronic) on 

subsequent days a s  do con t ro l  animalstprovided t h a t  t h e  a v a i l a b i l i t y  o f  DOPA 

occurs l a t e  i n  the  a c t i v e  phase, i . e . ,  a f t e r  the  acmphase f o r  deep-body 

temperature (days' 15-19). I t  is  important t o  note  t h a t  during t h e  first 

th ree  days of FF a phase d r i f t  of  about 3 h has-  occurred i n  a l l  an?mals, 

including t h e  controls ,  p lac ing the  decl ine  from the  thermal acrophase c lose  

t o  midnight i n  a l l  cases by t h e  s t a r t  of day 15. This  d r i f t  removed r a t s  

2, 3, and 4 (from t h e  top) from . t h e  jeopardy o f  L-DOPA a v a i l a b i l i t y  during 

the e a r l y  a c t i v e  phase, which had c l e a r l y  begun a l ready t o  take  i t s  t o l l  



o n  euchronism on day 13. On t h e  o t h e r  hand, t h i s  phase d r i f t  moved rats 5,  

6, and 7 i n t o  t h e  jeopardy o f  L-DOPA a v a i l a b i l i t y  i n  the  e a r l y  a c t i v e  phase 

by days 14 and 1.5 (c f .  control  kxample a s  well) , and the  animals became d y s -  

chronic. F inal ly ,  the  continual  avai  1-abi l i ty  of  L- DOPA i n  the  d i e t  throughout 

t h e  day (FF L-DOPA, e.g. bottom r a t ,  Figure 1) r e s u l t e d i n  mild t o  moderate 

dyschronism during acc l imat iza t ion  (e .g. , d 14) bu t  t h i s  was s h o r t  l i v e d  and 

followed by good c i rcad ian  synchronizat ion,  t h e  example given here  being 

t h e  worst o f  t h e  group of  9 analyzed .in Figure 2. 

The longi tudinal  d a t a  presented a s  chronograms of  8 r a t s  i n  Figure 1 

i s  represen ta t ive  of t h a t  c o l l e c t e d  from 31 r a t s ,  and i s  analyzed s t a t i s t i c a l l y  

i n  Figure .2 .  Group A, representat ' ive of  a l l  groups f o r  5 days during en t ra in -  

ment, shows a thermal acrophase a t  1529 h,  t y p i c a l l y  6.5 h a f t e r  t h e  s t a r t  of 

t h e  dark phase (which, on DL 16: 8, extended from 0900 h t o  0100 h) . The 

remaining groups consis ted  of a t  l e a s t  7 rats computed f o r  the  f a i r l y  s t a b i l i z e d  

f i v e  days o f  f r e e  run (DDFF) , from day 15 t o  day 19. Gmup C,  7 r a t s  on t h e  

con t ro l  d i e t  alone, shows th'at an average phase delay (A$-) i n  f r e e  run ("phase 

d r i f t " )  o f  3 h 10 m has occurred i n  these  con t ro l s .  Group B,  cons i s t ing  o f  

9 rats cont inual ly  exposed t o  L-DOPA i n  t h e  d i e t ,  shows a comparable A$-, 

t h i s  time o f  3 h 8 m, with narrow CA and substant ia1 .A.  S imi la r ly ,  group D, 

consist ing.  o f  8 r a t s  t h a t  had received L-DOPA a f t e r  the  thermal acrophase 

on days 15-19, showed a s t rong  A$- o f  5 h 9 m (which we i n t e r p r e t  a s  a s e l e c t i v e  

accommodation t o  orthochronal  uptake of  L-DOPA) with 'narrow CA and s u b s t a n t i a l  A. 

In s t r i k i n g  con t ras t ,  group E, cons i s t ing  o f  7 r a t s  t h a t  had received L-DOPA 

before  t h e  thermal acrophase showed a poss ib le  A$ o f  6 h 12 m (which we i n t e r -  

p r e t  a s  a poss ib le  continuing search f o r  orthochronal  uptake of  L-DOPA) with 

a wide CA and near ly  minimal A: another degree Cels ius ,  and t h e  C I  would 

have overlapped the  pole  o f  t h e  cos inor ,  i n d i c a t i v e  o f  complete dyschronism 

f o r  members of  the  group. We should note here  t h a t  had w e  chosen t o  d i sp lay  



~. . - 7-, 

i n  t h i s  presenta t ion a separate  cosinor f o r  each rat, f o r  each one of  the  

days 15-19 (easy enough t o  do, bu t  t e r r i b l y  laborious f o r  the  reader) ,  then 
t 

every member of the  E group (save one) would have shown complete dyschronism 

on one o r  more days. On the  o the r  hand, on such terms - no member of  groups , 

.A-D (save the  one discussed i n  Figure 1, bottom) could have been ca l l ed  

dyschronic. 

By the  way o f  i l l u s t r a t i o n  of the dyschronogenic e f f e c t  of  L-DOPA, as 

well as by way of i l l u s t r a t i o n  of  the powers and l i m i t s  of  t he  cosinor  repre- 

senta t ion of "euchronism" and "dyschronism, I' we have prepared another p l o t  

~ of  the  three  worst members of Group E,  Figure 2 (animals 5,  6 ,  7 from the  

top, Figure 1 ) .  In t h i s  p lo t ,  shown i n  Figure 3, it i s  not su rp r i s i ng  t o  

see  an animal l i k e  5, here ca l l ed  I'A,l1 t o t a l l y '  dyschronic - it  may be r a t h e r  

surpr i s ing  t o  see  t h a t  animals 6 and 7 a re  assigned apparently s i g n i f i c a n t  

!#I values (with expectedly large  CA's) and apparently s i gn i f i c an t  though 

evident ly  small amplitudes. None the  l e s s ,  these  a r e  t h e  ac tua l  values 

shown f o r  such evidently (Figure 1) chronotypical l y  dis turbed specimens. 

Figure 4 represents  w in t e rp re t a t i on  of  these r e su l t s ,  such as would 

' . not normally appear i n  t h e  "Results1' sect ion of a paper, bu t  r a t h e r  i n  t he  

"Discu~s ion .~ '  This i n t e rp re t a t i on  i s  included here i n  order  t o  make sens i -  

b l e  the  design of the.  experiments t h a t  follow: Most concisely,  t he  lower 

h a l f  of  Figure 4 reads as  follows: i n  t he  presence o f  a control  d i e t ,  

animals remain euchmnic; t h e i r  @ I s  and A ' s  remain de , f in i t ive  and pred ic tab le  

If L-DOPA is  given l a t e r  than the  thermal acrophase, then a l l  is well ,  and 

euchronism i s  assured. If L-DOPA is given e a r l i e r  than the  thermal acrophase, 

then dyschronogenesis w i l l  occur. The top ha l f  of  Figure 4 presen ts  an 

i n t e rp re t a t i on  of  why t h i s  should be the  case: the  ingest ion o f  L-DOPA 

presents  a challenge t o  circadian euchronism only during t he  pre-acrophase 

i n t e rva l ,  during which time a chronotypic pathway block of  ' the  f u r t h e r  



- 8- 

syn thes i s  o f  L-DOPA (negative feed back) is  expected (D can 1972). Inges- 

t i o n  o f  L- WPA l a t e r  i n  t h e  c i rcadian cycle ( r i g h t  ha l f )  r e s u l t s  i n  no 

chronobiological  disturbance s ince  the  catecholamine pathway is  a l redy  

'!turned o f f .  l '  

Because o f  these  r e s u l t s ,  we p red ic ted  t h a t  an animal 's  capac i ty  t o  

respond t o  food-induced phase s h i f t s  would be inf luenced by t h e  time of  

day (or.:better,  phase o f  cycle)  during which it happened t o  have a v a i l a b l e  

t o  consume, o r  not  t o  consume L-DOPA i n  t h e  d i e t .  The remaining experiments 

i n  t h i s ' s e r i e s  iacludt: t e s t s  of rhe a b i l i t y  of r a t s  t o  respond t o  phase s h i f t s  

o f  90, 180, and 270 degrees' under these  d iverse  circumstances. One s o r t  of  

control  f o r  the  l o t  is  given i n  Figure 5.. I n  t h i s  case,  no phase s h i f t  i s  

demanded during entrainment; y e t  one consequence is  rea l i zed :  f o r  animals 

- which consume L-DOPA be,fore t h e  thermal acrophase (Gr,oup B,  Figure 6) t h e  

value o f  A is  diminished and o f  C I  ( a s  a percentage of  A) is  increased 

enormously. I t  is  c l e a r l y  b e t t e r  f o r  a rat t o  have inges ted  i t s  L-DOPA 

p a s t  t h e  thermal acrophase (Group A), even when i n  the  cause o f  merely 

"staying-put" chronotypical ly.  

More, s t r i k i n g  r e s u l t s  a r e  given i n  subsequent f i g u r e s  t h a t  represent  

t h e  responses o f ,  animals t o  a v a r i e t y  of  ze i tgeber  coiimands i n  t h e  form o f ,  

food-timing s i g n a l s  t o  s h i f t  t h e i r  c i rcad ian  thermal acrophases i n  Figure . 

7, t h e  ' feeding protocol  a n t i c i p a t e s  a A$- o f  6 h .  The b e s t  A$ t h a t  is  seen 

from a. t h r e e  day average of days 19, 20, and 21 is t h a t  shown by Group A, o f '  

3 h and 48 m, Figure 8, a A$ (which corresponds, t o  DOPA i n  F2, Figure 7 ) .  

Runner up i s  Group B,  with a A$- of  only 2 h 'and 34 m (Figure 8) and which 

corresponds t o  DOPA i n  F1, Figure 7. 

I n  Figure 9,  top  h a l f ,  a A <  of 12 h i s  demanded by t h e  feeding protocol .  

The b e s t  'A$ t h a t  i s  seen from a 3 d average of  days 19, 20, and 21 i s  t h a t  

shown by Group A, Figure 10, a A$- o f  7 h 38 m (which corresponds t o  DOPA 



i n  F2, Figure 9, top) . $cmd t o  t h i s  is  Group B,  which corresponds t o .  DOPA 

i n  F1, with a A d  o f  only -5, 4 m. 

In  Figure 9, bottom h a l f ,  a  A$' of  1 8  h is demanded by t h e  feed ing .pmtoco1 ,  

which corresponds t o  a AJ o f  6 h. Careful  inspect ion i n  t h i s  c a s e o f  t h e  

feeding protocol  shows at  once t h a t  t h e  meal termed 11F211 w i l l  be consumed 

during the  e a r l y  a c t i v e  phase (morelike l5reakfast l1)  and t h a t  the  meal termed 

" F i t  w i l l  be phys io log ica l ly  more l i k e  llsupper" t o  t h e  animals involved. 

Once again  t h e  b e s t  A $  t h a t  i s  seen from a 3 d average of  days 20, 21, and 

22 is t h a t  shown by Group A, namely these  animals t h a t  were presented with 

L-DOPA i n  t h e i r  d i e t s  l a t e  i n  t h e i r  a c t i v e  phases, which corresponds i n s t h i s  

exceptional  case t o  DOPA i n  F1, Figure .9 ,  bottom. This s t r a igh t fo rward ly  

represents  e i t h e r  a  success fu l  A d  o f  15 h 5 m, o r  a successful  A < o f  8 h 

45 m. The a l t e r n a t i v e  protocol, Group B,  corresponding t o  a v a i l a b i l i t y  of  

L-DOPA only during t h e  e a r l y  a c t i v e  phase, r e s u l t e d  i n  complete dsychronism 
regarding Group A, 

(q.v., Figure 11, A 0.14, C I  .56, and P 0.3080) . A t  t h e  same time,/we note  

w i t h  caution t h a t  having achieved t h i s  l a rge  A $  rap id ly  and success fu l ly ,  

any extension o f  the  same temporal protocol  without f u r t h e r  regard f o r  t h e  

new and now vulnerable p o s i t i o n  o f  t h e  acrophase would undoubtedly r e s u l t  

in . . a  new round o f  dyschronism, a r i s i n g  from the  inges t ion o f  L-DOPA during 

e a r l y  a c t i v e  phase (q.v., t h e  r e l a t i o n  o f  A t o  F1 on Figure 11, and o f  F1 

t o  t h e  acrophase on day 22, Figure 9, bottom). 

Two s e r i e s  o f  experimental r e s u l t s  show a s i g n i f i c a n t  inf luence  o f  t h e  --  .I 
I 

I 

c i rcad ian  phase t i fne-of-administrat ion of'.L-DOPA upon the  c i rcad ian  rhythm 

of t h e  r a t ,  a s  judged by measures of  core temperature..  In  t h e  f irst  s e r i e s  

animals were placed i n  f r e e  run i n  constant  darkness and with food con t inua l ly  

a v a i l a b l e  (DDFF) , but  with L-DOPA- containing chow ava i l ab le  h a l f  o f  t h e  



. . 

-10- . . 
- 

and DOpA~free chow ava i lab le  t he  remaining h a l f  day. These experiments show 

a s t rong cor re la t ion  between c i rcadian dyschronism and t he  consumption of  

L-DOPA p r i o r  t o  t he  acrophase.' On the  o ther  hand, animals fed  L-DOPA e i t h e r  

a f t e r  t he  c i rcadian acrophase o r  - ad l ibi tum showed l i t t l e  o r  no dyschroni.sm. . 

xn the  second s e r i e s ,  the  response t o  food-induced phase s h i f t s  (A$-) of  90, 

180, and 270 degrees was tes ted,  and it was seen t h a t  i n  every case the  

a v a i l a b i l i t y  of  L-DOPA e a r l y  i n  the  ac t i ve  phase, before the  thermal acrophase, 
\ 

i n h i b i t s  phase s h i f t ,  and the  a v a i l a b i l i t y  of L-DOPA a f t e r  the  thermal acro- 

phase promotes phase s h i f t .  I t  is in t . e res t ing  t o  note t h a t  even t he  con t ro l s  
. . 

i n  the  second se r ies ,  (those animals t h a t  were required t o  make no A$, Figure 

51, exhibi ted marginal dyschronism on several  days i n  the  group i n  which DOPA 

,was given i n  F before the  acrophase, and ' t ha t  t h i s  is  r e f l ec t ed  a s  well i n  
1' 

-. t he  day-group averages (Group B, Figure 6 ) .  

I n  a l l  cases whenever DOPA was avai lable ,  e i t h e r  during FF ( f i r s t  s e r i e s )  

o r  during e i t h e r  F1 o r  F of an FS cycle (second s e r i e s )  s i g n i f i c a n t  quan t i t i e s  
2 . . 

of  the  DOPA-containing chowwere consumed.. However i n  those groups of r a t s  t h a t  , 
were subjected t o  the  g r ea t e s t  phase s h i f t s  i n  t he  second s e r i e s ,  t he  quanti-  

' 

ties consumed were somewhat var iab le  (Table I ) ,  ye t  c l e a r l y  l a rge  enough t o  

influence t h e i r  c i rcadian regulatory system. 

Taken a l toge ther ,  the  r e s u l t s  a r e  consis tent  with the  . i n t e rp re t a t i on  

given i n  Figure 4: i f  L-DOPA is consumed. e a r l y  i n  t he  ac t i ve  phase, before 

the  thermal acrophase, then a chronotypic block t o  ty ros ine  3-hydroxylase 

prevents f u r t h e r  synthesis  of  L-DOPA and shu ts  down t h i s  pathway (Duncan, 1974). 

In the  normal rat, t he  chronotypically cor rec t  (orthochronal) phase i n  which 

t o  give L-DOPA with l e a s t  disturbances t o  the  c i rcadian regulatory system 

coincides with the  time a t  which syn the t ic  a c t i v i t y  i n  t he  catecholamine 

("awake") pathway normally (chronotypically) diminishes. The c i rcadian 

l i t e r a t u r e  contains severa l  o ther  references t o  chronopharmacologic and 



'and c i rcad ian  a l t e r a t i o n  e f f e c t s  from. catecholamine pathway a c t i v a t o r s  

and i n h i b i t o r s  inc luding reserpine  (Anderson, 1961, Halberg, 1963, Wahlstslim, 

V 1 196S), thio4dazine (S tmebe l ,  1969), and a-methyldopa (Post  and Nair, 1977) . 
I t  should n o t  go unnoticed t h a t  t h e  de le te r ious  s i d e  e f f e c t s  o f  most o f  these  

drugs include mental depressive i l l n e s s ,  a condit ion near ly  invar iab ly  asso- 

c i a t e d  wit.h c i rcadian i r r e g u l a r i t i e s  and dyschronism (Halberg, 1968, Pflug,  

1976). 

Pmm t h e  preceding, it follows t h a t ,  i n  o rder  t o  minimize t h e  de le te r ious  

s i d e  e f f e c t s  and maximize the  b e n e f i c i a l  e f f e c t s  o f  a drug such a s  L-DOPA, 

orthochronal  therapy i s  ind ica ted .  How llorthochronalll  is  t o  be def ined when 

ex t rapo la ted  t o  organisms apparent ly  d e f i c i e n t  i n  e i t h e r  ty ros ine  hydroxylase 

- o r  i n  L-DOPA i t s e l f  ( a s  i n  t h e  case Parkinson's disease)  w i l l  r e q u i r e  exper i -  

mental t r i a l  with appropr ia te  sub jec t s .  
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TABLE LEGEND 

. . .. . .... 
 ab able I. A record of the  average food consumed p e r  day from e a r l y  (F1) and from 

l a t e  (FZ) food hoppers i n  the  course o f  a phase response by r a t s  t o  food, and 

t o  food containing L-DOPA (30 mg/g) a s  ze i tgebers ,  given e i t h e r  i n  the  new F1 

o r  i n  the  new F2 phase. 



- 

r a t i o  
F1/F2 

(DOPA i n  F2) 

1/1.2 

1.9/1 

2.3/1 

2.5/1 

r a t i o  
F1/F2 

(DOPA i n  F1) 

.1.2/1 

2.3/1 

1.6/1 
' / 

2.0/1 

I 

r a t i o  
F1/F2 

(control )  

1/ 1, 

' 3/1 

2*4/ f !  

1.5/1, 

DOPA i n  F2 
average food consumed/ day 

( g) 
e a r l y  (F1) l a t e  (F2) 

v 

t e x t  
f i g u r e  

5 . .  

7 

. 9  
( top) 

9 
(bottom) 
i 

10.3 

16.6 

15.1 

14.0 

DOPA i n  F1 
average food consumed/ day 

(g) 
e a r l y  (F1) l a t e  (F2) 

ze i tgeber  
phase s h i f t  . 

( f e e d i n g t i m e )  
A @  

o O = O h  

90" = -6 h 

180" = -12 h 

270" = -18 h 
(90" = +6 h) 
pppp--pp ~ 

12.5 ' 

8.9 

6.6 

5.7 

11.7 

15.4 

1 0 . 6 .  

13.5 

con t ro l  (no DOPA) 
average food consumed/day 

( g) 
e a r l y  (F1) l a t e  (F2) 

9.5 

. 6.6 

6.6 

' .  6.9 

12.1 

20.9 

14.1 

14.4 

12.4 

7.1 

6.0 . 

9.6 



FIGURE LEGENDS 

Figure 1. Telemetry t r ac ings  o f  i n t r a p e r i t o i e a l  temperatures f o r  8 r a t s  

measured every 20 min a r e  shown' over 14 days. During days 1 through 8 (1-5 

not  shown), t h e  animals were en t ra ined  by d a i l y  programs o f  feeding (FS 8:16) 

and i l luminat ion (DL 16: 8) . Following 2 days s t a r v a t i o n  (SS) i n  continuous 

dim l i g h t  (DD), t h e  animals were feed - ad l ib i tum (FF) f o r  t h e  next  8.5 days 

(see top  protocol  ba r s ) .  During day 10.5-19, the  top animal 'was maintained 

as a con t ro l  receiving only the  s tandard  24% p r o t e i n  con t ro l  d i e t .  Animals 

2, 3, and 4 from the  top received a d i e t  containing 30 mg L-DOPA/g chow 

(other  d i e t a r y  cons t i tuen t s  remained the  same) from 2400-1200 ( see  p ro toco l  

: DOPA 0 ) . Animals 5, 6, and 7 received an %nverse o f  t h i s  protocol ;  L-DOPA 

being present  i n  the  d i e t  from 1200-2400 each day ( see  p r o t o c o l 0  DOPA). 

- In both cases t h e  animals received t h e  con t ro l  d i e t  f o r  t h e  12 h i n t e n r a l  

o f  each day when DOPA was no t  administered. The bottom animal received the  

L-DOPA d i e t  - ad l ib i tum (DOPA FF) . 
. . 

. -* 
Figure 2. Data from Figure 1 i s  s t a t i s t i c a l l y  f i t t e d  t o  a cosine function 

(cosinor) and i s  shown graphical ly .  The o u t e r  band on t h e  c lock ' s  . f a c e  g ives  
, 

the' clock hour, while t h e  i n n e r  band ( s u b d h i d e d  i n t o  hours) g ives  t h e  feeding 

protocol  (FS-cycle). The hands o f  t h e  clock p o i n t  t o  t h e  time o f  day ( o u t e r  

band) a t  which the  c i rcad ian  o s c i l l a t i o n  reaches i t s  peak (acmphase) ;  t h e  

length o f  the  hands g ives  t h e  amplitude ( "C, see  s c a l e  c e n t e r  o f  r i g h t  

hemisphere) of  the  o s c i l l a t i o n ;  t h e  rad ius  within t h e  e l l i p s e  ( d i s t a l  end 

o f  c lock 's  hand) gives t h e  99% confidence i n t e & a l  f o r  e r r o r  i n  t h e  amplitude; 

the v a r i a t i o n  i n  clock hours 'defined by t h e  hashed l i n e s  tangent  t o  each 
represen t s  the  99% confidence a r c  and 

e l l ipse /gives  t h e  e r r o r  i n  time of  acrophase: f o r  Figure 1 (A) entrainment 

only, days 6-11; (B)  DOPA FF (.ad.libitum - DOPA), days 13-17; (C) con t ro l  d i e t  

(24% p r o t e i n ) ,  days 13-17; (D) 'DOPA 2400-1200, No DOPA 1200-2400, days 13-17; 

(E) DOPA 1200-2400, No DOPA 2400-1200, days 13-17. 

I 
/ 



Figure 3. A cosinor  evaluat ion o f  animals i n  ~ i ~ u r e  1; i f i f t h  from top (A), 

s i x t h  from top (B) , seventh from top (C) ] i s  shown f o r  days 13-17. 

Figure 4. The consequences of feeding L-DOPA during e a r l y  a c t i v e  and l a t e  

a c t i v e  phases of  t h e  c i rcad ian  cycle  a r e  shown graphical ly .  The administra-  

t i o n  of  L-DOPA a f t e r  t h e  thermal acrophase .(bottom middle) r e s u l t s  i n  t h e  

maintainence o f  a good c i rcadian rhythm (euchronic) as i s  conventionally 

seen i n  con t ro l  animals (bottom l e f t ) .  However, when L-DOPA i s  given before 

t h e  thermal acrophase a dyschronic (near ly  phaseless) condit ion r e s u l t s  

(bottom r i g h t )  . The f i g u r e  s upper por t ion  g raph ica l ly  d i sp lays  the  ca te-  

cholamine pathway ( t o  t h e  peak of  t h e  a c t i v e  phase) from ty ros ine  (TYR) t o  

epinephrine (EPI) and the  indoleamine pathway ( i n a c t i v e  phase) from 

/ tryptophan (TRY) t o  se ro ton in  (SER) . When DOPA e n t e r s  the  metabolic 

pathway during t h e  e a r l y  a c t i v e  phase, the  catecholamine pathway i s  shu t  

down (chronotypic pathway block) r e s u l t i n g  i n  c i rcad ian  dyschronism. 

Figure 5. Telemetry t r a c i n g s  of  i n t r a p e r i t o n e a l  temperatures f o r  7 r a t s  
' 

measured every 20 min is shown f o r  12 days. Following entrainment f o r  

severa l  days (DL 16: 8, FS'8: 16; riot shown), the  animals a r e  subje'cted t o  

a l t e r n a t e  days o f  "feast ing1'  and "fast ing1'  (days 11, 12, 13, and 14) p r i o r  

t o  receiving a regimen of L-DOPA i n  the  d i e t  (see  top. o f  graph f o r  LD and 

FS pro toco l s ) .  Room l i g h t  was continuously dim a f t e r  0900 on day 13. On 

day 15, the  feeding regimen.resumes. The F-phase o f  the  regimen i s  sub- 

divided i n t o  an e a r l y  feeding (F1) of 3 h dura t ion fmm 0900-1200 and a 

later feeding (F2) o f  only 1 h fro'm 1600-1700, separa ted  by 4 h o f  s t a rva -  

t ion .  The top animal remained a s  - a  con t ro l  throughout t h e  e n t i r e  exper i -  

ment, r ece iv ing .on ly  t h e  24% p r o t e i n  control  d i e t .  The animals below, 

grouped i n  3 ' s ,  received a d i e t  conta in ing 30 mg L-DOPA/g chow e i t h e r  i n  



the  l a t e  feeding phase (DOPA i n  F2, top group of  3) o r  i n  the  e a r l y  phase 

(DOPA i n  F1, bottom group of  3). Animals received the  control  d i e t  i n  t h e  

phases when DOPA was absent. Arrows i nd i ca t e  the  t ime a t  which DOPA was 

administered each day. 

Figure.6.  A cosinor evaluation of Figure 5,  days 19, 20, and 21, is  shown 

fo r  (A) DOPA i n  F2, and (8) DOPA i n  F1 groups. 

Figure 7. Telemetry t rac ings  of in t raper i tonea l  temperatures measured every , 

20 min f o r  12 days is  shown f o r  7 r a t s .  Following entrainment f o r  severa l  

days (LD - - 8: 16, - FS -. 8: 16; not  shown) the  animals a r e  subjected t o  a l t e r n a t e  

days of  l 'feasting" and l t fas t ingl l  (days 11, 12, 13, and 14) p r i o r  t o  receiving 

a regimen o f  L-DOPA i n  the  d i e t  (see top of graph f o r  LD and FS pro toco ls ) .  

- Room l i g h t  remained continuously dim a f t e r  0900 on day 13. On day 15 resump- 

t i o n  of  t he  feeding regimen (FS 8:16 as during entrainment) is  accompanied 

by a phase s h i f t  (A@-6 h) i n  the  FS-cycle. The top animal (control )  received 

only the  24% pro te in  control  d i e t  throughout the  balance of  the  experiment. 

The animals below subdivided i n to  groups of 3 were given L-DOPA i n  the  d i e t  

a t  a concentration of 30 mg L-DOPA/g chow. The upper group received L-DOPA 

only i n  the  l a t e  (DOPA i n  F2) feeding phase and control  d i e t  i n  F1, while 

the lower group received L-DOPA only i n  the  ea r ly  (DOPA i n  F1) phase. A r m w s  

ind ica te  t he  time a t  which L-DOPA was administered. 

Figure 8. A cosinor  summary of  Figure 7, days 19, 20,' and 21, is shown f o r  (A) 

DOPA i n  F2, and (B) DOPA i n  F1 groups. 

Figure 9. Telemetry t rac ings  of  in t raper i tonea l  temperatures measured every 

20 min is shown f o r  6 animals over 12 days. Following entrainment f o r  several  

days (LD 8:16, FS 8: 16; 'not shown), the  animals a r e  subjected ' t o  a l t e r n a t e  

days of "feastinglt and "fasting" '(days 11, 12, .  13, and 14) p r i o r  t o  receiving 



a regimen of  L-DOPA i n  t h e  d i e t  ( see  top and middle ba r s  f o r  LD and FS p ro toco l s ) .  

On day IS t h e  animals i n  t h e  upper por t ion  o f  the  graph resume program feeding 

(FS 8:16) a f t e r  a  phase s h i f t  c f  12 h (A@-12 h) i n  t h e  feeding protocol;,  and 

on day 16 the  animal, i n  the  lower por t ion  a f t e r  an 18 h s h i f t  (A@-18 h = +6 h) . 
The top animal (control )  i n  each por t ion  received only the  24% p r o t e i n  con t ro l  

d i e t  during t h e  experiment. The middle and lower animals i n  each s e c t i o n  re -  

ceived a d i e t  containing-30 mg L-DOPA/g chow a t  e i t h e r  t h e  l a t e  (WPA i n  F2) 

feeding phase (middle animals) o r  i n  the  e a r l y  (WPA i n  F1) phase o f  the  

' 

FS-cycle (lower animals); control  d i e t  was fed i n  a l t e r n a t e  phases when DOPA 

was absent .  Arrows i n d i c a t e  t h e  time o f  adminis t ra t ion  o f  t h e  L-DOPA d i e t .  

Figure 10. A cosinor summary o f  Figure 9 (top), days 20, 21, and 22, i s  shown 

f o r  (A) DOPA i n  F2, and (B) DOPA i n  F1 animals. 
- .  . 

Figure 11. A cos inor  surnmav o f  Figure 9 (bottom), days 20, 21, 22, i s  shown 

f o r  (A) DOPA i n  F1, and (B)  WPA i n  F2 animals. 1 
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A 2'0644 47 .76 . 32 .0001 
B 2 1603 DYS .I4 . 56 .3080 






