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S T U D I O R U M  P R O G R E S S U S  

R a n g e s  of C ircad ian  P e r i o d  L e n g t h  1 

I t  seems cer ta in  t h a t  cons tan t  condi t ions  of l ight  and 
t empe ra tu r e  did no t  p l ay  a ma jo r  role in the  evolu t ion  
of c i rcadian rhy thms .  Cons tan t  env i ronment s  are un- 
common,  excep t  in the  deep sea;  fu r the rmore  i t  seems 
unl ikely t h a t  under  such condi t ions  a c i rcadian r h y t h m  
would be of s ignif icant  adap t ive  value.  Diurna l  periodi-  
cities as we find t h e m  today  in a great  va r i e ty  of bio- 
logical funct ions  mus t  be regarded in all cases ra ther  as 
adap ta t ions  to cyclic env i ronmen ta l  condit ions.  The  
recogni t ion of propert ies  of c i rcadian sys tems as ob- 
served under  art if icial  cons tan t  condi t ions  of the  labora-  
t o ry  are never theless  of impor tance  for the  unders tand ing  
of circadian mechanisms.  Two ma jo r  proper t ies  of cir- 
cadian  rhythms,  observable  only  in exper iments  under  
cons tan t  condi t ions  of l ight  and t e m p e r a t u r e  cer ta in ly  
are  of broad significance. (1) The  long t e rm persistence 
of the  periodicit ies and (2) the  dev ia t ion  of period length  
f rom the  exac t  24-h cycle of the  na tu ra l  day.  Bo th  have  
been in te rpre ted  as indicat ions of a self-sustained basis 
for circadian rhy thms .  

The  ear ly  f inding (JOHNSON2), t h a t  the  in tens i ty  of 
cons tan t  l ight  influences the  period length  of c i rcadian 
rhythms,  has  of ten been regarded as an  in teres t ing b u t  
minor  side effect  wi th  no significance for the  fundamen ta l  
process of e n t r a i n m e n t  to env i ronmen ta l  cycles. However ,  
since ASCHOFF 3 summar ized  the  effects of l ight  in tens i ty  
upon the  changes in f ree-running per iod length,  i t  has 
become increasingly ev iden t  t h a t  the  behav io r  summa-  
rized in 'AscHoFF'S rule '  or the  'c i rcadian rule '  is so 
general  t h a t  i t  mus t  be regarded as possible, if no t  pro- 
bable, t ha t  these effects are  invo lved  in the e n t r a i n m e n t  
to a Zeitgeber.  

Though  the  influence of l ight  in tens i ty  upon period 
length,  as described by  ASCHOFF'S rule, has  been demon-  
s t ra ted  qua l i t a t ive ly  in m a n y  cases, l i t t le  is known abou t  
q u an t i t a t i ve  relat ionships be tween  l ight  in tens i ty  and 
period length  on a supra ind iv idua l  basis. If  there  are, as 
pos tu la ted  above,  any  relat ionships  be tween  ASCHOFF'S 
rule and the  process of en t ra inment ,  i t  seems wor thwhi le  
to seek more q u a n t i t a t i v e  in format ion  abou t  the  range 
of possible influences of l ight  in tens i ty  upon circadian 
per iod length.  I n  this ar t icle  i t  will be shown t h a t  wi th  
sufficient  exper imenta l  mater ia l  i t  is possible to der ive  a 
q u an t i t a t i ve  ' endogenous  range '  of f ree-running periods;  
i t  is hoped t h a t  this in format ion  will h a v e  a direct  bear ing 
on the  proper t ies  of the  circadian sys tem responsible for 
synchronizat ion.  (See discussion). 

The  effect of l ight  in tens i ty  upon circadian f requency  
has been described by  ASCHOFF 3 as follows: ' W h e n  the  
in tens i ty  of i l l umina t i on . . . i s  increased l ight  ac t ive  
animals  will increase the i r  spontaneous  f requency  while 
da rk  ac t ive  animals  decrease it . '  Fo r  a q u a n t i t a t i v e  in- 
ves t iga t ion  of this rule the  dark ac t ive  insect  Leuoophaea 
maderae (Blattaria)  is a sui table  ob jec t  for several  
reasons:  under  all inves t iga ted  l ight  intensi t ies  the  
average  circadian period (v) of runn ing  ac t i v i t y  can easily 
be  de te rmined  wi th  an accuracy  of abou t  zk 5 rain, based 
on observat ions  over  2-4 weeks. (Other  organisms of ten 
become aperiodic wi th  l ight  intensi t ies  t h a t  m a y  still 
h a v e  a - non-de tec tab le  - effect on T.) Also the  range of 
l ight  intensi t ies  which influences period length  is ve ry  
small  in Leucophaea with  an upper  l imi t  of < 5 lux  (or 
even <~ 0.5 lux, see also ROBERTS 4) which el iminates  ex-  
pe r imenta l  p roblems associated wi th  hea t  p roduc t ion  by  
the  l ighting.  In  pre l iminary  exper iments  it  was found t h a t  
ou t  of 16 animals  only  1 showed a sl ight  increase in period 

length  (about  4 min) af ter  the  l ight  in tens i ty  was in- 
creased f rom 0.5 to 5 lux.  I n  the  following paragraphs ,  
all d a t a  wi th  l ight  intensi t ies  above  0.5 lux were pooled 
(LL) and compared  wi th  those  der ived under  condi t ions  
of to ta l  darkness  (DD). 

The  runn ing  ac t i v i t y  of 32 adu l t  Leucophaea males was 
recorded s imul taneously .  Two kinds of running  wheels  
(8 of each) were ut i l ized and 16 mechanica l ly  s table  
devices  in which the  ac t iv i ty  was t rans formed  into  
electr ical  impulses by  means  of changes in capaci ty .  No 
signif icant  differences wi th  respect  to per iod (T) or  per iod 
changes (A~) could be observed  wi th  the  2 regis t ra t ion  
methods .  141 7 values  have  been evaluated .  These data,  
g rouped  in classes of 6 min  (0.1 h) are p resen ted  in the  
d iagram of F igure  1. The  DD exper iments  are represented  
by  77 T values  and 64 ~ values  come from L L  exper iments .  
The  ord ina te  in this Figure  represents  the  % f requency  of 
T values /6  min  class, for L L  and DD values  t rea ted  sepa- 
ra te ly .  The  shape of the  curves  more  or less app rox ima te s  
a normal  dis t r ibut ion.  The  mean  values  of t he  2 dis t r ibu-  
t ions wi th  thei r  s t andard  devia t ions  are :  TDD = 23.84 q- 
0.24 h, XLL = 24.32 -4- 0.27 h. The  difference be tween  the  
2 mean  values  is, of course, s ta t i s t ica l ly  s ignif icant  
( p  < 0.01). 

I t  is ev iden t  t h a t  Leucophaea has a v e r y  nar row cir- 
cadian  range, compared ,  for example,  wi th  finches, where 
AT values  of 2-3 h are  not  uncommon.  E v e n  lumping  all 
values  in F igure  1, the  s t andard  dev ia t ion  abou t  the  
general  m e a n  of 24.08 h is only  4- 0.35 h, i.e. abou t  4- 1.5% 
devia t ion/per iod.  I t  is in teres t ing in this connect ion  to 
note  t h a t  h m n a n  mechanica l  me thods  of t ime  measur ing  
al lowed only a precision of 4- 1%/day ,  unt i l  the  pendu lum 
was discovered in the  17th cen tu ry  (see BONANOMI~). 

I n  the  l i te ra ture  of c i rcadian r h y t h m s  one can find 
m a n y  observa t ions  on highest  and lowest  T values  under  
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Fig. 1. Relative frequency distribution (% values as ordinate) of 
free-running periods of the cockroach Leucophaea maderae e ~ e  

periods in constant darkness (N = 77); o . . . . .  o periods in constant 
light (N = 64). 

1 Supported by a NATO fellowship. 
M. Jon~sozq, J. exp. Zool. 82, 315 (1939). 

s j .  ASCHOFF, Pfliigers Archges. Physiol. 270, 9 (1959). 
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J. BO~ANOMX, Naturwissensehaft und Medizin 3t 22 (1966). 
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Species Illumination (lux) Range of periods (h) Author 

Homo sapiens 24,5-25,9 
Ra~tus ~oevegicus DD-LL 24,0-27,0 
Mus ~nusculus 0,3-200 22,5-25,9 
Microtus ochrogasler DD-250 24,0-24,2 
Peromyscus leucopus DD-258 22,8-25,4 
Peromyscus Bardii DD-LL 23,3-24,7 
Glaucomys volans DD-10 23,0-25,0 
Mesocricetus auratus DD-20 23,9-24,8 
Sigmodon hispidus DD-250 23,7-24,5 
Tamias striatus DD-5 23,0-26,3 
Fringilla coelebs 0,2-120 21,7-24,9 
Pyrrhula pyrrhula DD-LL 22,0-26,0 
Sturnus vulgaris 0,6-320 22,5-24,3 
Tyro alba 0,002-0,9 23,6-25,4 
Lacerta sicula DD-420 22,5-24,8 
Lacerta agilis DD-80 22,2-24,5 
Leucophaea maderae DD-5 23,1-25,1 
Byrsolria [umigata DD-250 23,9-25,5 
Periplaneta americana DD-I1 23,8-24,5 
Velia currens DD-700 24,2-27,5 
Tenebrio molitor 0,01-100 23,3-27,3 
Geotrupes silvatieus DD-t5 24,0-24,7 

ASCHOFF and WEVER 19626 
FOLK, BROWn et al. ~-s 
ASCHOFF 9-11 
CALHOUN 12 
JOHNSON, RAWSON 13 
PXTTENDRmH, unpublished 
DECouRSE v 14,1~ ASCHOFF 16 
ASCHOFF17~ PITTENDRIGH~ unpublished 
CALHOUN |g 
RAWSON ~3 
ASCHOFF 8, ASCHOFF et al TM 
ASCItOFF 19 
ASCHOFF l~j HOFFMANN 33 
ASCHOFF 19, HOFI~MANN 21 
n OFFMAN N 31130 
HOFFMANN 32 
LOHMANN 
ROBERTS 4 
ROBERTS 4 
t{ENSING 28 
LOItMANN 34 
GEISLER 25 

va r ious  l igh t  in tens i t ies .  Howeve r ,  in  m o s t  cases i t  is n o t  
s t a t e d  w h e t h e r  t h e  in t ens i t i e s  used can  be r ega rded  as 
l imi t ing  (i.e. b e y o n d  s a t u r a t i o n  vMue,  as in  Leucophaea),  
no r  is i t  e v i d e n t  w h e t h e r  t h e  c i t ed  e x a m p l e  was a n  
excep t ion  c o m p a r e d  w i t h  o t h e r  i nd i v i dua l s  of t h e  same 
species. N e v e r t h e l e s s  I h a v e  t r i ed  to  compi le  t he  d a t a  
f rom seve ra l  species for c o m p a r a t i v e  purposes ,  m a k i n g  
no  p r e t e n s e  of comple teness .  

T h e  d a t a  are  s u m m a r i z e d  in F i g u r e  2 w h i c h  g ives  t h e  
c i r cad ian  r a n g e s  of pe r iod  l e n g t h  for  a v a r i e t y  of a n i m a l s  
in  w h i c h  t h e  c i r cad i an  pe r iod  h a s  b e e n  d e t e r m i n e d  b y  
m e a n s  of a c t o g r a m s  of t h e i r  r u n n i n g  ac t i v i t y .  T h e  solid 
ba r s  in  t h e  u p p e r  p a r t  of t h e  d i a g r a m  c o n n e c t  o n l y  
e x t r e m e  values ,  w h i c h  in some cases were  t a k e n  f rom 
r epo r t s  b y  d i f f e ren t  au tho r s .  I n  t h e  T a b l e  t he  species are  
t a b u l a t e d  in t h e  sequence  of t he i r  g r aph i ca l  p r e s e n t a t i o n .  
I n  a d d i t i o n  to t he  T values ,  t he  l igh t  in t ens i t i e s  a n d  t h e  
a u t h o r s  are  c i t ed  in  t h i s  Table .  T he  lower  i n t e n s i t y  as 
well as the  lower  per iod  va lue  ha s  been  genera l ly  m e n t i o n e d  
f i rs t  a l t h o u g h  in l igh t  ac t ive  a n i m a l s  t he  smal le r  T va lue  
usua l ly  is a ssoc ia ted  w i t h  t he  h i g h e r  i n t e n s i t y  of i l l umina -  
t ion.  

I t  m u s t  be  e m p h a s i z e d  t h a t  m o s t  d a t a  on  wh ich  F igu re  
2 is b a s e d  were  n o t  de r ived  f rom s tud ies  c o m p a r a b l e  in  
e x t e n t  to  t hose  of F i g u r e  1, so t h a t  t h e  g iven  r a n g e  as 
well  as  i t s  r e l a t i ve  pos i t i on  (e.g. a s y m m e t r i c a l  to  24 h) 
c a n n o t  a lways  be  r e g a r d e d  as re l iable .  F o r  t h i s  reason ,  
i n d i v i d u a l  va lues  a re  less i n t e r e s t i n g  t h a n  t h e  c u m u l a t i v e  
c u r v e  in t h e  lower  p a r t  of t h e  d i ag ram,  w h i c h  was de r i ved  
b y  a d d i n g  t he  species whose  c i r cad i an  r a n g e  ful ly  or  
p a r t l y  cove red  a c e r t a i n  per iod  l e n g t h  ( the  h o u r s  be ing  
d iv ided  i n to  classes of 20 min) .  T h e  s u m  of e v e r y  class is 
g iven  in % of all species. I t  is n o t  su rp r i s ing  t h a t  t h e  cu rve  
h a s  i t s  m a x i m u m  a t  24 h a l t h o u g h  t h e  c i r cad i an  r ange  of 
m a n y  species seems to  be  a s y m m e t r i c a l  to  24 h.  T h e  
e x t r e m e s  e x t e n d  f rom 21.8-27.5 h wh ich  can  be  expressed  
in % as a d e v i a t i o n  of -- 9 .2% a n d  + 14.6% . T h e  t o t a l  
r ange  of c i r cad i an  per iods  for  the  c i ted  a n i m a l s  t he r e fo re  
c an  be  s t a t e d  as less t h a n  25%.  

S u m m a r i z i n g  t h e s e  r e su l t s  i t  m a y  b e  said t h a t  t h e  in te r -  
specific r a n g e  of c i r cad i an  per iods  of l o c o m o t o r  a c t i v i t y  
a p p r o x i m a t e s  24 h ~ 12% w he r ea s  t h e  i n t e r i n d i v i d u a l  
v a r i a t i o n  (wi th in  one  species) lies b e t w e e n  4 %  a n d  15%.  

C o m p a r e d  w i t h  o t h e r  biological  p a r a m e t e r s  t he  c i r cad i an  
pe r iod  l e n g t h  can  be  r e g a r d e d  as  r e l a t ive ly  precise.  

Discussion.  P r e l i m i n a r y  e x p e r i m e n t s  w i t h  Leucophaea 
(LOHMANN, u n p u b l i s h e d )  sugges t  t h a t  in  t h i s  species t h e  
r a n g e  of e n t r a i n m e n t  is n o t  m u c h  la rger  t h a n  t h e  r ange  
of f r e e - r u n n i n g  per iod.  I n  one  case  a Ze i tgeber  pe r iod  of 
23 h on ly  p r o d u c e d  r e l a t i ve  c o o r d i n a t i o n  ( A s c ~ o m ~ s ) ;  
in  o t h e r  cases L D  per iods  of 26 h d id  n o t  e n t r a i n  t h e  
a c t i v i t y  r h y t h m .  These  inves t iga t ions ,  however ,  shou ld  
be  e x t e n d e d  a n d  conf i rmed ,  s ince  i t  h a s  b e e n  s h o w n  in  
o t h e r  o r g a n i s m s  t h a t  t h e  r a n g e  of e n t r a i n m e n t  c an  be  
a p p r e c i a b l y  l a rge r  t h a n  t h e  r a n g e  of ~ e e - r u n n i n g  pe r iods  
(TRIBUKAIT~), sugges t i ng  t h a t  t he re  a re  a d d i t i o n a l  in-  
f luences  u p o n  T of  e i t h e r  t he  l i gh t  to  d a r k  ( and /o r  t h e  
d a r k  to  l ight)  t r a n s i t i o n  or  a d d i t i v e  effects  of t h e  l igh t  
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Fig. 2. The ranges of free-running periods (abscissa) of 22 species as 
compiled from the literature (ordered according to sequence in Table). 
The curve at the bottom summarizes the data (as % of all species) 
with which each portion of the period regime (20 min classes} is 
included within the several ranges of free-running periods. For 
example, the period ranges of 11 species overlap 23.3 h; 11 species 

50%. 

fraction and the dark fraction. The latter would then 
suggest a response curve to constant  light similar in 
principle to the well studied response curves to light 
flashes. 

I t  is obvious that  further investigations of both ranges 
of entra inment  and of ranges of free-running periods are 
necessary before any firm generalizations can be made. 
Very few experimental studies of ranges of ent ra inment  
have been published (BRucE ~s} and in most of those 
cases, data are not  available on the range of free-running 
periods for the same organisms*0. 

Zusammen]assung. Quanti ta t ive Untersuchungen zur 
Hgufigkeitsverteilung circadianer Periodenl~ngen der 
Schabe Leucophaea maderae zeigen, dass diese Art ein 
sehr cages Periodenspektrum besitzt. Die lichtbedingten 
Abweichungen yon 24 h betragen im Mittel nur  + 0,35 
h oder 1,5%. Die Befunde werden mit  Angaben der 
Literatur  verglichen. 

M .  L o H M A N N  30 

Department o/Biology, Princeton University, Princeton 
(New Jersey USA), 27th February 7967. 

V. G. BRUCE, Cold Spring Harb. Symp. quant. Biol, 25, 29 (1960). 
~u The author thanks Dr. C. S. PZrrE~CnRmr~ for the possibility to 

work i.n his laboratory and to use his excellent facilities. 
so Present address: Botanisches Institut, Wilhelmstr. 5, 74 Tiibingen 

(Germany). 

PRO E X P E R I M E N T I S  

U s e  o f  M i x t u r e  o f  E t h a n o l - - n  B u t a n o l - - X y l e n e  i n  
P a r a f f i n  M e t h o d  

During the s tudy of cytology and developmelit of 
some Indian  Rusts Fungi  infecting the leaves of their 
host plants, it was noted that  during the monsoon season 
with high humidity, the transfers of dehydrated tissues 
in 100% ethanol to xylene, caused turbidity, perhaps due 
to the absorption, of atmospheric humidi ty  by absolute 
ethanol. While at tempting to overcome this difficulty, 
the author noticed that  the ethanol, which normally 
causes turbidi ty  with xylene in high humid atmospheres, 
is easily miscible with it  only in presence of n butanol.  

Based on these observations, the author incorporated 
the following changes using the mixture of e thanol -n  
butanol-xylene,  in conventional paraffin method. This 
method proved good for transferring the tissues of rust- 
infected leaves, without any  turbidi ty  or any  other 
damage to the tissue, neither was the staining quali ty of 
the tissue affected. Moreover, the tissue remained soft 
during the process and the brittleness which is usually 
associated with xylene was avoided. Furthermore, the 
author also noticed that  xylene is easily miscible with 
even much lower grades of ethanol, as much as 70% 
ethanol, in  the presence of n butanol,  without any foggi- 
ness being imparted to the mixture. 

The use of the following working schedule is suggested 
to overcome the fogginess usually associated with transfers 
from 100% ethanol to xylene in  humid atmosphere, and 

to avoid the brittleness of the tissue usually associated 
with xylene. 

Working schedule. The material dehydrated through 
ethanol grades to 100% ethanol and ready to be trans- 
ferred to xylene is to be processed ms follows: (1) a 
mixture of e thanol -n  butanol-xylene (Ebxol) (1 : 1 : 1) 
6 h; (2) n butanoI-xylene (1 : 1) 1-4 h; (3) xylene pure I h; 
(4) xylene pure. 

The material is now ready for the further process of 
paraffin infiltration. The material  may be left in the 
second step of mixture of n butanol  and xylene bu t  not 
in xylene pure x. 

Zusammenfassung. Es wird eine fiir die histologische 
Technik niitzliche Methode,beschrieben, um bei der ~3ber- 
fiihrung yon entwAssertem Gewebe aus absolutem Alkohol 
in Xylol bei hoher Luftfeuchtigkeit Triibungen zu ver- 
meiden. 

A. V. SATHS 

Mahar~htr, Association/or the Cultivation o/ Science, 
Poona 4 (India), 23rd March 7967. 
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