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Abstract 

The effects of hghl and ternpermre an tho clreadmn rhythm of eclosmn m Drasopbtlo have b m  the sublect of early 
miest@tons lo chionobiology Mach b e f m  the clock gone was dwovaed m Drorophria rnr lmgmer ,  PIttendmgh 
and B m e  (1957) proposed an enplr~t coupled-csdlattt model ro account for trnnsmw The model oarldafed fhat (11 

rubjecuve mght Furthu undexlmmg lhe rnherent d~ffarences between the two h a l w  of UE sublecuvc mghi. 
Chaodrsshekaran could demansbtate that early and late subjecuve lught phases of the Dlosopiuio pseudoobscure rr- 
c a d m  rhythm x q u m  dliferent enwges of blue hght to evoh comparable magmtudes of delay and advance phase 
shlftj In another scnes of experiments he demoosnated thar there are reciprocal dauoni between the d a n c e  md 
duration of blue l~ghrpulres which could m combmuan severely auenllale rhe amphhlde of UleDrosophrlo pseudoob- 
E C U ~  c l r radm rhythm Chandmh&aran dm reprtpd the most complete fau ly  of PRC for NTP and LTP of 3-, 6- 
and 12-h p u b  md demonmated that HTP and LTP PRC were rmrmr m g e s  and that 6. a d  12-h LTP yelded PRC 
of Lhdrtmng' l p  (type 0) and Ulat all duca1100~ of HTP y~elded PRC of the 'weak' type (type 1) 

1. Introduction 

Con31denng the lmponlnce ai phaz-response iurrc, PRC II I  cu:dJ m 111)Ihlo aud:a. !en' 
few revvwj or the rublect a~ n\alable. the u.or)i\ of 4\choff'. ~msodnph' ind ~ohnson' he- 
mg the excepuon A PRC zs a plot of phase shlfts as a funcnon of c m a d m  phase of a snmulus. 
Stlmuh that can evoke phase slufts may be hghg temperature, dtugs or chenucals adrmnlstered 
for bnef penods, very often just once In a cycle PRC are central m processes of entramment 
and are rehable phase-markers of cxcarllan rhythms. The oved arcahan phenomena momWred 
(ecloslon, locomotor acuvity, sleep movements of leaves of plants, body t e m p t u r e ,  etc) 
have been llkened to the hands of the clock PRC is the closest phys~ological appmxlmatIon 
(clockworkr) to the abstractton often des~gnated as the oscillaroris). 

Clock genes have been ldenhfied (m some mstances even cloned) m Drosaphda, Neu- 
rospora crassa, Arabdopsu and recently in a mouse4. In h s  paper, I revtew some of my own 
work carned out during 1965-1975 on PRC and the cucadwn clock underlying the ecloslon of 
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Thc effect of light and teniperature on the cmadiao rhythm of eclos~on In Dmwphila has 
been Ihe sliblcct of the earheat lnvcsh,oations m chronob~ology~~~ and of many subsequent 
atudm. someof wh~ch are stdl landnlarksF'@ The fascinating, if stlll emgmnatrc, phcnornenon 
of 'hnoerature mdeuendmce' of the =nod leneth of circad~au rhythms wa also e~t&bl~shcd 
for the fmt hme for the Urosuphda rhythmi 

Much before Konopka and ~enzer" iaoiatcd three behau~ourai mutants of Drosophrlo 
melanoqosfrr (called perroh wlrrch drastmlly altered the penad length of the circadm clock 
'gaung. both pupal ecloslon and adull loamotor actlvlry, Rnendngh and ~ r u c e "  had pro- 
posed an ewphc~t formal model to accauut for the rcspnsc lealures of the ~lrcadlan ihythrn of 
eclorion In Dmsoplzilrr pse~~i10vbscuru to hght and temperature penurbatlons The pnncpal 
ment of tlus coupled-oscrlldtor model rs thal ~t 'cxplanzd' Lhe phenomenon of &an-ients lather 
pictucesquely, even though other niodzls" could also explan transients ~mphcating a single 
oscillator Another anractron of Ihe P~ttendngh-Bruce model IS fhat tt made two concrete prc- 
dxuons which could be exmrnenlallv tcsted The model predicted that (I) the basic (A) oscil- 
lator will be phase-shlftcd h) light pulses mriuntnnorrslj by degrees that could be lead off the 
ctandard PRC. md that ~ r r )  the transients do nut rcore\ent the tme come ofthe h a w  oscllla- 
lor. ~handrashekaran"~" m~Jled lhcse isruea m Drosophtla pseudoobscura (wdh PU 301 
snaln from Plttendngh'~ laboratory) and empmcally w n i m e d  that (I) the bas~c oscillator was 
rndeed inslantaneourlv ~hae-sh~ttcd hv as much da dmcted in PRC. and that (11) the rronrzentr , . 
d ~ d  not reflect the t m e  course nor wave fomi of thc basic oscillator 

Anuther sencs of cxpenments on Dros~,phth pseudoobscum addressed itself ta thc rda- 
uonshp between the intcnslty of light pulscs and the extent of phase shlhs of thc c~rciid~m 
rhythms m rclosmn" <!handrashekaranl' clumcd that bnef hght pulses given dunng the auh- 
jecuve ~ g h t  conveyed dawn and d u 4  lnfonndtlun depending upon the tluc of the mght thcy 
lllurnrne Results of later spzafic and exhaustwe experiments revealed" that hght pulses ~ n -  
deed shR phase with the ' o r  oans~rrori dunng the linl half oi the suhjecuve nrghr (duik ef- 
fcct) and shtft phase wlth the 'on' lransrtlon dunng [ha accond half ot the subjecrrve nlgh~ 
(dawn effect) Further accenmanp lhc dlfferznces between the two halves of the subjcctwc 
nlght (for whch vely few models made any prov~smn'n), ~t was demonstiatcd that ten- 
fold hlgher energlec of Ilght had t" he administered dunng the first half ofthe sub~emvc mght, 
relave to rhe second half, to evoke compamblc magriitudcs of delay and advance phaac shft~. 
respect~rely'~ A farmly of h~gh-teniperalu~c pulse (HTP) and low-rempemturc pulie (LTP) 
PRC wai constructed for the rhkthm In cuntinilous darkness KID) for pulse du~at~ons of 3, 6. 
2nd 12 h"' In a malor pubhcatmn of lhc pcnod. we have rqmted" the recqrocal lela(ana 
haween encrg (S*) of llght pulscs arid crmdl phdsc dpemrbation (T*) of a lhythm anemat- 
mg m y l a r  snmulus 

2. Methods 

All expenmenis sunimmzed in thii review wcre performed on Dro,suphdo pseudoobsatro PU 
30: marn klndly provded to W Bngelmann by C S Pittendngh Cultures for c a l m  rnpcrr- 



men& wcre ralsed 111 usual rnamncr m culture bottles of appmprvxlmately 200 cc volume at 
20 + 0 2-C m 12 12 hghl/dari; (LD) cycles or ln UD liom b e  egg stage onwards 

L~ght lntensitles of 10, 3,000 snd 10,000 lux were obbtned w h  the a ~ d  of projectors fitted 
wth cinemod gl-ey t~lters For lower Intensnles of 0 1, 0 3, 1 0, 2 0, 3 0 and 4 0  lux, neutral 
demlty gelaun filters (Kodak Wratterr), number 3 and 4 of 0 1 and 0 01% transmttrancc, re- 
spwxively, wcre cmploycd L~ght mtensilles were variously measured w~th  bfht meter.. 
(Gossen and Weston) and a Unmd Detector Technolony optometer. 

Low madlances of monochromahc bluc hght (0 01 to 100 )LW cm" )ere ohtamed wlth the 
a d  of projectors fitted wlth Phthps 15 V 100 W or Osram 12 V 100 W bulbs and Schott & 
Mamr rnterierence filters transmmng 442 nm (k 17 am) For htghcrrwgcs oiltiadlance (50 to 
15,000pW cln2) speed  projectors fitted w ~ h  Xmun hlgh ~nddrance hulbs (XBO lamps 2500 
V and 1600 W Zeutschel Systemmc M 10 DC operaled) were uved Projector bulbs were 
autom~tsally alrcooled when hghts wcre Lurncd on In expcnmenlr with h g h  ~mdmncc llght 
neuu'al dens~ty heat-absorption glass filters wele used wth ~ntcifercnce filters lor monochro- 
matlc light For the ampl~tude anenuauon expenn~ents2', crper~mcntal pupal populations con- 
s~stcd of 120&1500 pupae These were held ~n glass petnd~shes of 9-cm dmncter dunng light 
treatment. Hollow cardbuard cylmders were used lo conduct hlgh ~ m d ~ a n c e  Ilght fmm soulce 
to petndxhes precludms stray hghl S m e  the pupae formed lust one layer in all c a w ,  owr- . . 
lappmg and castmg shadows should have been very low Llghl pulses lashng a second or h c -  
Iron thereol were obtained wlth a ohoto~rantuc shutter fixed to the dtstal end of the cardboard . 
cyllnder The irradiances wcre measured with a muluflex galvanometer (40 A UDT) In 
WW em2 The degree of arrhythm~city IS represented by the value of H after winfree" The 
densest consecutwe 8-h cclasmn IS first determmed uzhlch would roughly ~nclude 95% of the 
fl~es in nom~allv rhvthnuc cultures R 1s 100 hrnes the rauo of the number of eclosmg flles , , 

o~~cs~dc thrs densest 8 h to the number of eclosmg flles mszde ~t For  deal statlshcal srrhytl- 
mmty ( R M e  same number of fies each hour day after day-would approach 100 x 1618 = 

200 which never happened in our expenments nor probably m nalurr. 

Temperature pulses were grven to 1200-1500 pupae In glass pem dlshes in a room mamtatned 
at 10°C for LTP and at 30°C for HTP On removal to the experrrnental rwm, the pupae were 
rmmed~ately transferred to glasa petri &shes prewamed or precooled to avo~d undue ome lag 
Thc pulses (10 and 30°C) d ~ d  not seem to have any &rect detnmcntal effcct on the a e s  The 
hourly rate of ecloslon m t h ~ s  senes of expenments was measured for penodd5 of 7-8 dam aftcr 
temperatux treahnent on the 20 channels of an Esterhe Angus event recolder usmg a llgbt 
beam and photocell devlcc des~gned by W Engelmann to L U U I I ~  cclo\lng flies 

In earher experiments, the emergence rate wa\ deternuned manually every two hours by tap- 
ping and collecting the flies m detergent water for the tedious durahon of the experiment In 
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later expenments, ecloaon was measured with photoelectric automated arrangement hnked to a 
d~gital voltmeter and te~e~nnter '~ ,  and in stlll later experiments, wlth the hclp of a more duect 
methodi8 

3. Results 

3 1 'On' and 'off rhythms 

Laboratory populations of fhes and pupae rused m contmuous llght (LL) or DD are arrhyth- 
m c  But a smgular transfer of the potenhally mhythrmc pupal populations from LL to DD 
inmates the so-called 'off rhythm in eclos~on This rhythm is c m a d m  and has a penod of 
243 h in DD The memans of eclosion peaks occur at 15,39,63, 87, 111, 135 and 183 h, etc 
after LLiDD transfer and eclosion lasts unhl there are pupae A smgular, non-recumng transfer 
of potent~ally arrhyhm~c pupal populations from DD to LL inihates the so-called 'on' rhythms 
R y r e  1 ~Uus@ates the tune courses of 'on' and 'off rhythms All transfers were made at an 
arblwary '0' hour which comclded with day 20 of the cultures in 20QC The first flies emerged 
m the course of day 20 Tbe first ecloslon peak in all cases 1s not shown since synchronuahon 
was uluforrnty poor It may be nohced that the 'off rhythms are stable and better synchronized 
than 'on' rhythms In Fact, the 'on' rhythms wane even m hght of very low nitensihes It may 
be noted that the 'on' and 'off rhythms have very mffaent time coursesi6 

3 2 The Drosophda PRC 

The cucahan eclosion rhythm of Drosophda measured m DD is senaltlve to light peflurb- 
anons of 05  ms. The responses of the rhythm appear as displacements of eclosmn peah 
along the Ume axu; and are des~gnated 'phase shifts' (Aq) The magnitude and direchons 
(advances or delays) are both funcuons of phases perturbed Rgure 2 dlustrates thc raw data 
and the methodology of evokmg systemahc Ap based on which PRC are consUucted2'. Figure 
3 presents the standmd PRC for 15 nun, 1000 lux fluorescent light perturbations (first con- 
smcted by Putmdngh and ~ i m s ~ )  Cucadlan hme (CT) 0-12 h is called the subjective day 
and CT 12-24 h the suh]ecttve mght The rhythm 1s refractory to llght stlmuli for the best part 
of the subjechve day, but responds withmcreasingiy diiatoq delays during the fust half of the 
subjechve nlght At rmd~ght, the system sw~tches over from massive delays to massive ad- 
vances, the latter progressively diminishrng m magoltude as the mght wears away. The Droso- 
phd~pseudoobscum PRC is constructed from steady-state phase shlft hp data whlch preclude 
transients The PRC describes 'the tlme course and wave form' of the basic oscillahons The 
PRC can and has been used as a predtctive tool for smgle- and double-pulse hght perturbahons 
(see section 3.3) 

3 3 Transients and the coupled-oscrllaror model 

The A g  that follow light pulse5 admnislered to the rhythm m DD do not express themselves in 
full measure In the same, or even adjacent, cycle It takes the rhythms 3 4  cycles unul the al- 
tered steady state with stable phase-angle difierence (y) is aciueved Tne cycles internerung the 
ongmal and altered steady states have been called transients Transients m the context of cn- 
cadian rhythms were f a t  described by Plttendngh and Bruce" One Important interpretatloll of 
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the phenomenon of transients was pmvlded by a coupled-osc~llator model of P~ttendngh and 
Bruce'' The model enwaged a coupled-osnllator arrangement w~th  one of the osc~lla- 
tors--the A osclllator bang l~ght-aensltwe and master pacemaker A osc~llator was phase- 
shlfted mstanzaneeously by hght pulses and was temperature-compensared qualiiing ~t for bro- 
chronometry The B oscdlator, on the other hand, was insensrtlvc to Lrght but senmtwe to ten- 
peramre and slave to the A osclllator The B oscdlator &d not feedback on the A oscillaror. A(p 
of A were of rnagn~tude represented m the PRC, B gradually caught up with A In 3 to 4 cu- 
cad~au cycles, restoring the onglnal steady-state phase angle The efforts of B to restore stable 
phase \nth A expressed melf In the form of overt transienf The coupled osclllator model de- 
ganlly and picturesquely 'explamed' the trans~ents. Furthermore, the two maln poshlala of the 
model, that (I) the baslc oscillator was reset ~nstnntaneously by l~ght, and that (u) the transLents 
dld not reflect the phase of the baslc oscillate:, were stated w~thout amblgmty and lent them- 
selves to &rect experimental venficatlou 

Soon after the coupled oscillator model was proposed. Bnnmng and ~ ~ m m e r ' ~  gave a dif- 
ferent mterpretamn to transients They concluded from then studies on the petal movement 
rhythms of the crassulacean plant Kalonchoe blos@eldrana that the translent oscillat~on of petal 
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movement followmg light s~gnals reflected the behaviour (phase) of the underlymg oscillator 
They found several phases of the transients to respond to a light srgnai in a manner slmrlar to 
the movement phases of the ongnal (steady state) rhythm 

Working in Bunnmg's laboratmy, Chandrashekaran'"" designed cr~tical expenmcnts 
w~thDrosophzlapseudoobrcura to probe the two views on the nature of transients In planrung 
the experiments on rmlllmeter paper (bluepmt), ihe classmal P R C ~  was assumed to rcally 
charactem the tzme course and wave form of the basic oscdlatlon Tne rationale was to 
administer hght pulse 1 (LP,) at a gwen phase and then follow lt up with light pulse 2 (LPd 
soon after to check if complete Aq had occurred Logically, Ao, would be large and to scale of 
the PRC by norm of predtctions made by the coupled-osc~llator model, but small and nearly 
undetectable (m the same cycle at any rate) according to the assumpbans of Bnnmng and 
~ i m m e r ' ~  

Rgure 4 illustrates the results of an expenmen1 in w h ~ h  LP, (15 m, 1000 lux) was given 
at 15 5 CT and LP, at 22 0 CT Roth thc pukes w e n  mdwidnally to two dfferent populaiions . . ~ ~ 

would have induced roughly 5 h delay and 5 h advance A n  respechvely According to Bun- 
mne-Zlmmer internretation. LP, and LP, should have muhlallv counteracted each other's in- . . 
fluence and no A 9  should have shown np Bnt the expenmental results mdicate a much larger 

Time. b u r s  



than PRC-p~~d~cted  delay Ap, and imply some manner of a SummahvP effect Carem calcula- 
tlons md~cated that the large delay Ap, would result if LP, had indeed slufted the basic osc~lla- 
tmn ~nrcanfaneously by an amount whlch can be read from the PRC. 

F~gure 5 lllusfxates the results of an expenment m which d was assumed that LP, indeed 
shifts phase rnslantaneously by a magruhlde seen m PRC, and then the phase position of LP2 
calculated and admmstered at this phase, to effect an advance Ag, of 5 h, i e at phase 
22 0 CT + 5 h = 3CT The raw data and the schemata of the oscillator lunetlcs, bemg poshdated 
as Indeed happemng, are g~ven In Figs 4.6 The data illustrated m R g  5 uncqu~vocally dem- 
onstrate that LPI adnun~stered at CT 3 (of con(rol) does evoke Ap, whlch counteracts the effects 
of LP, such that the restored tlme course of the expenmental and control eclos~on peaks now 
appear to be very smlar  Contrast thls with the results presented in Rg. 4 

Rgure 6 contams data of a 2-pulse expenment, whose rat~onale 1s the same as m expen- 
ment described ln F I ~  4, except that LP, in this expenment was adnunisrered m the second 
cycle or in the course of the second transrent cycle In thls figure, the schemata, reproducmg 
events as mtepeted, are gwen m grapluc form above the histogram of raw data In all figures 
descr~bmg data of 2-pulse experiments, medm values of controls are shown as opcn clrcles 
and of expenmental peaks as closed c~rcles The stipled portron m the graph~c schemata 
(comc~&ng with the t h ~ d  peak) 1s the postulated, poss~ble phase poslt~on of rranslents LP2 
clearly does not perturb the translent phase but the phase of an cnstanraneously altered steady 

Time, hours 
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Time, hours 

sate The results of tlus expenment are also unequivocal It is concluded that both the posiu- 
lates of the coupled-oscillaror model, (I) the basic osclllat~on IS phaxe-shiited msfontaneousi? 
b j  hght pulses, and (n) franrmrs do not accurately reflect the t m e  course (phases) of the baslc 
oscillation, are vabd at least for the Drosophrla clock The last 30 years have brought to kght 
s~rmlar tindmgs for the circadm clocks of a fungusZz, a spar~owz' and In our own laboratory, 
of a mammalf4 

3 4 Dawn and dusk effects 

In the c o m e  of early expenments, ceitam data tended tc mhcate, that the first half of the sub- 
jecUve n~ght of the cucad~an clock may show qualIrahvely different responses to the 'on' and 
'off components of even very bnef llght pulses, than the second half More precisely, the rust 
half of the subjecuve mght seemed to respond only ro the light 'off transiuon of a light pulse. 
the second half seemed to respond selech~ely only to the Lght 'on' transltlon of a 11ght pulse 
These posstblhues seemed to hold very interesung roles for Iighr m the contexr of ecology, 
behavlour and enrrauunenr m s  is the gist of the dawnldusk effect model proposed by 
Chandra~hekaran'~ The implications are that light 'off information simulates a dusk or sunset 
m the fust half of the subjecnve night and the light 'on' acts like dawn or sunnse in the second 
half of the subjechve mght 

F~gure 7 illustrates the results obmned in an extended senes of expenments camed out 
between 1969 and 1972 (Chandrashekaran er a l i7 )  

1 The design in the fust batch of expenments was to adrmruster hght pulses of 15 nun, 1, 2, 
3, 4, 5 and 6 h duraoons, each to a different and large populauon of pupae The tlmmg of 
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expencmed 'on' Emanon of fhc pulses a d d k n (  hours and 'off tranrlhon 31 18 0 h ( I I . .> 1.0 7 . I, 
I:,, '' I.\.'---I -?i '..-' ' i ; - ,~hin I' " Q CI lh" 'he' t-roman zit drtrcrcnt hovn Uieiew oalchcs i anu b r m  
I . I I .. I ' , 8 .  .#: . . ., ;I I . 2. . 8 . . .r lhehuurr oilhe second halraf Vle silh~rctwe nghlon the 
. I . . . , , I 11: .. . ,,, 18 11. weraged m d m  ralucs of expcnmcn1.d populvriuns an 

.I. 8 1,. ' . 'I 8 ,  , , i n  8.. I.,, 49) Riled squaresreprcscnt avcrugedmedla values of p e h  0" days 4 and 
5 after Ilght trtatmenl (advance Apl) (afm Chaalirashekm eta1 "I 

pulses n reprodwed m the upper left panel of Rg 7 Ail pulses ageed in that the heht 'off' 
ln dU of them couxided to occur at 18 0 CT The lleht 'on' comvonent was aoomonatclv .. . , 
stagoercd N the hoht 'OW component 1s ~ndezd thc discrctc twgerinr evenr recoonired by -. -. . . . 
the system m s h ~ h ~ n g  phase. then all delay phaaz ahlhs evoked by vanous Igh l  pdses must 
be or conmarable rnmhrde. reeardless 01 the duratron of LP The actual resoonseb of , " -  

populations are given on the nght-hand side of Fig 7 and the delay~ indeed appear to be of 
comparable magnitude 
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2 In the second batch of expenments, agam 15 mn,  1, 2, 3, 4, 5 and 6 h LP were adrmms- 
tered, this time around all of them having the light 'off' component systemaucally stag- 
gered to coincide with phase points 12, 13, 14, 15, 16, 17 and 18 CT (and light 'on' com- 
c~ding m all cases mith 12 CT) Here the delay phase shlfts must vnry as per 'off CT phase 
whch appears to be the case (Rg 7) 

3 The opposite and reciprocal design was used m further two batches of expenments, scan- 
n i q  the second half of the subjective night In the thrd batch, pulses of v q m g  durauon 
(illurmnmg as many populations of pupae) started at the same circdan phase (19 0 CT) 
The pulses were agan of 15 nun, 1 , 2 , 3 , 4 , 5  and 6 h durauon Since light 'on' 1s the effec- 
uve phase-shifting translhon, all phase advances evoked must now be comparable dnnug 
the second half of the sublecbve mght, results mdxate that it Indeed 1s so 

4 In a fourth batch of expenments, the light 'on' of the pulses was staggered to comc~de wlth 
19,20, 21, 22.23.24 and 01 0 CT phase pomn The advance phase shfts must now be ac- 
cordrngly varied, whlch agan 1s the case 

3 5 Early and late subjeclrve mgkt halves fiwiherdrfference~ 

Some more experments were performed in pursurt of our quest to discover further differences 
m response features, energy requirements, etc We worked with blue kgh? pulses (442 k17 nm) 
of different energtes Results of phase-shfnng expenments performed with light pelturbatlons 
are illustrated m Fig 8 18 0 and 19 0 CT, represenhng the end of the first half of the subjective 
lught and the begmning of the second half, respectively, were exposed to monochromauc blue 
light pulses of varying energes The 18 0CT phase was ten-fold less sensltlve than the 
19.0 CT phase point Tlus ddference is not a feature restricted to these phase points and IS a 
deftnmg feature mhmnt to the oscillator d n m g  the rhythm 

3 5 How to stop the Drosophila clock? 

pavhdlsX predicted that the Drosophzla clock must possess a 'pomt of ungulanty' on theoreh- 
cal conslderabons Drawn m the form of a phase-plane hmt-cycle dragram the singular status 
will be caused by light pulses of cnhcal strength S* at cntical tune T*. WinfreeZ6 discovered 
the values for these two parameters, which m combination, make the eclos~on of pupal popula- 
hons of Drosophila prelrdDobscura arrhghmc, rnth flies ecloslng all hours of day and mght 
Fgure 9 presents the format of the s~ngulanty point experiments definlng T*, S* and 0 The T* 
of W~nfree's experiment? was 6 8 h aiter LLiDD transfer (18 8 CT) and S* was blue llght of 
460 f 17 nm, of energy 100 ergs/cm/s lastutg 50 s We undeltook an extenslve senes of ex- 
wnments in which we could repeat successfullv the drfficult exoenments of Wlnfree We 
kuld  severely attenuatei0 the cwadran rhythm the eclosion of brosophrla pseudoobscvra 
(A. T .  Winfree, W Engelmann and M K Chadmshekaran had worked on the same stram of 
fru~tkles-PU 301) with dun blue hght pulses whose product of radiant exposure was the same 
as the srngular s~mulus of W~nfree We had systemahcally vaned in our expenments the zrm- 
dunce (I) and duratron 0) components wthm the ranges of reciprocity The range of reciproc- 
ity over whlch the i ~ a d ~ a t t o n  and duration of the rhyttun attenuahng hght pulses could be 
vaned was surprisingly vast In terns of uradiance, ~t vaned from very hnght light of 



12,500 pW cm2 to 0.01 pW cm2 and the durahon could be reciprocally vaned from bnef hght 
flashes of 0 04 s m long pulses of 5,000 s Rgure 10 sets forth the arrhythrmcity and attenuated 
rhythmc trends obtaned In our experiments The degree of arrhythnucity is represented by the 
R values of Wmfree*. 

The larger open cucles tn Ftg 11 represent populations in which the rhythms were attenu- 
ated by hght pulses whose radlani exposure ( I  x t)  was 500pW cm2 The d~ameter of the open 
circles roughly represent degrees of arrhythmicity On the contrary, fued cucles denote popu- 
lauons that remaned often (perfectly) rhythmc in splte of exposure to pulses of radiant expo- 
sure of 500 1W cm2, and also those populdt~ons that responded wlth phase shfts. 

3.7. Temperature and the Drosophda clock 

Although temperature, bes~des the ub~qultous LD cycles, IS a strong ze~tgeber m entrai~ng 
clrcadwn rhythms, very few PRC have been consmcted for clrcadwn clocks employing short- 
term temperahue pulses Confictmg reports had been obtamed by some authors on the re- 
sponses of the Drosophda pseuduobscura rhythm to temperature perturbat~ons Whereas Zlm- 
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FIG 11 The roiauomhxp bbehveen rrradmxe (0 and 
durabon (I) of rhymm amuaung Lght pular. Larger 

war artenuated md hence had R values above 50, 6% 
d!mter of rhe elrcic bung a dlna measure of degree 

nrcles represent populations m whcb the rhythm 0 6 12 18 ,-, 
CT, h 

of mhythrmeny Fdal cmlel mdxafe populauonr m 
WhlFh w" "oi (* Fio 12 0 duranon from LP to medm of first peak of 
Chandrashekaran and BngeImmm) eclormn (after ChandrshekmaPdng) 

28°C for pupae rased at 20°C was severe at all phases. k louon peaks occumd 12 h +  24 h x 
n h after temat1on of the 12-h mcubahon regardless of the phase 

We reponed the most complete farmly of HTP and LTP of PRC for 3-, 6- and 12-h pertur- 
banons. We were able to construct 'weak' (type 1) and 'strong' (type 0) kmd of PRC mth tem- 
perature stlmuh (Rgs 12-13)"" 

4. Discussion 

The experiments desmbed in tlus bnef renew were performed dunng 1965-1975 In the Inter- 
vemng penod, cucadm rhythms in Drosophrla have been studied intensively and two cbck 
genes per (penod) and nm (tmeless) have been clonedza In 1997, chronobiologg hlt pay d d 9  
and the fmt cuczuhan clock gene m mammals was ~dentlficd and cloncd. Although there IS 

cons~derable conservation and homology bctween thc stmctural featwes of clock genes, Ir 1s 
becommg mcreasmgly clear that these genes d m t  hnchons by completely distinct mecha- 
n i s m ~ ' ~  Tlus is no matter for surpnse as b~ological clocks underhe myriad phenomena and 
biochemical, phys~ological and behavloural processes m organisms as vaned as mcroorgan- 
isms to humans" Therefore, the formal pmpertles of circadm rhythms such as entramment to 
LD cycles, freemnn~ng under LL and DD and phase-sh~fung of the rhythms by hght, tempera- 
m, chenucal and other perturbat~ons, and the stdl enlgmauc phenomenon of tempera- 
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CT, h 
ha 13 Phaswerponse ewes for LTP of 12 h (01, 6 h 
[*) aud 3 h (*) wth values plolted agarnst CI of the 
mdpmt of LTP (after Chudrnshekardn'4 

ture compensauon of the p o d  of nrcadlan clocks continue to be the focus of much contem- 
poraq sc~entiiic a t t e n t i ~ n ~ ' . ~ ~  

~n~elmann"  examined the 'on' and 'off rhythms 1n the eclos~on of Drosophzla pseudoob- 
scum and pointed out that then M e  courses relative to each other were displaced by 180' (as 
in Rg. 1) In later hterature, such rhythms were !&end to dawn and dusk osc~llaton. P~tten- 
drigh pomted out that light staymg on beyond 12 h froze the hght-sensihve bbas~c osc~llator at 
12 CT phase A subsequent mtoration of permrsslve DD condmons released the rhythm from 
the 12 CT phase, the eclos~on peak always foUowing the pattern = n x z+ 15 h, I e the fust 
peak occumng 15 h after LLiDD transfer and subsequent peaks following every 24 h (actually 
.r m DD is 24.3 h) The question that has never sausfactonly been answered 1s the nature of the 
'on' and 'off rhythms of ~ugelmanr?' and ~handrashekaran".'~ and what they represent 
These rhythms, according to Plttendrigh's postulate, certainly do not represent the overt ex- 
presnons of the pacemaker A-oscillator. The 'on' rhythms also have a different time course 
than 'off rhythms, and unhke the latter, wane even m d m  hght as a funchon of tlme Another 
aend noticed in Fig 1 and m other hght-mtenslty experiments on ~ r o s o ~ h i l n ' ~  is that the !met- 
ics of wanrog 1s in inverse propomon to the LL lntens~Ues m the range of 0.3 to 3000 lux 
These expen&ents need to be repeated and the urtnguing relationship between the mtenslty of 
LL and speed of waning fumly estabhshed. It is tempting to beheve that the 'on' rhythms may 



represent the oven expressions of the otherwise elwrve B-oscillator set In mohon by the A- 
oscJlator at the momcnt orthe onset of LL 

Rcsults of experlmentq dlustrated in Figs 4 and 514 unequvocally support the first tenet of 
the Rttendngh-Brucr1%o~~pled oscdlator modcl, viz. the mfrmtaneuus resefhng of the basic 
osc~llator by light pulses to the extent prmhcted m h e  hght-pulse PRC Results contained ~n 
F I ~  6 further confum the second tenet of the model that the trans~ents f o l l o m g  hght pertur- 
hat~ons do not reflect the tme  course and wave form (phases) of the b m c  osc~llator These 
appear stlll to be the only publ~shed resultq of experiments that directly challenged transrents 
with a second light pulse 

Instantaneous resetung of the phase has been expenmentally estabhshed 111 N~urospora 
rrassa" and Passer dornesncus" In a recent publ~catlon. Shanna and ~handrashekaran'" 
reported that the circadian rhythm in the locumotor activlty of the field mouse Mus hooduga 
was instantaneously reset by bnef flotuescent light pulses (15 min, 1000 lux), first such report 
for mammalian circadian rhythms. Performing two hght-pulse experiments and employing a 
11ght-pulse PRC for purposes of phase scanning, they reported that the Ag was 85% complete 
6 h after LPI, and 91% after 8 h There are also ind~cations that the trunsienrs following light 
perturbahons m the mouse circa&an rhythm also do not represent the hmc coursc of the hasic 
osc~llato?' The case for nossihle dawn and dusk roles for baht oulses (FIE 7) co~ncid~ne with 

" A  , - ,  

the fin: a n d  second halves of h e  subjecllre night of thc Drosophila c~rcad~an cluck would 
seem to have hrcn madc Unfoflunatcly. these studies have not been followed up for other cii- 
cadvan syatcms A basx precondition for underhtlilng experiments of this nature IS the con- 
structlon uf noise-free and fine-tuned LP-PRC of the lund consmcted for Drosophlla psew 

Rcsults o i  expcnmenls dluslmte~l m Flg. 8 ind~calc that Ihc fist  and second halve, of the 
suhjccnvc nigh: of the Drosnphrla circadm system differ in thcir hghl energy requlremncnts lor 
compar~hle Ag by at least an order of magnitude Dunng the phase of the second half or the 
aubjectm mght thc threshold of response to blue light of 442 + 17 nm is ten-fold lower than 
dunng the coursc of the first half Expenments in our laboratory on the relahonshtp between 
lght Intensity and phase resetting In a mammahan c~rcadian system also m&cate that a five- 
fold intensily of I ~ h t  is requlnd at I S  CT (phase delays) to mduce samahnp Ag than rs re- 
qmred at 20CT (phase advances)" Our findings that HTP and LTP of 6- and 12-h dnrahons 
evoke two types o l  PRC-type O tor CrP and 1)pe I lor HTP ~n h e  same c m a d m  system 
treerunning In DD nre of obvrous mtcrcat zn the context of modcls of c~rcad~an rhythm.: Low 
lemperature m gcnerdl, mlmlca darkness and hgh tcmperaturc numm light when offerrcd m 
I2 12 h cvcles lnrercstmnlv. HTP and LTF PRC for D r v ~ o ~ h t l a  arz rnrrror mnees. much as ", 
hght- and darl,pulse PKC made for the circadian rhythni in the flight achvity of the ~nsechvo- 
tons tomb bat Taphorou~ meianoppogon". 
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