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Abstract

The effects of hight and temperature on the cireadian thythm of ecloston m Drosopiitla have bean the subject of early
investigations 1o chronobiology Much before the clock gene was discovered in Drosophla melanogaster, Pittendrigh
and Bruce (1957) proposed an explicit coupled-oseillator model to account for fransients The model postulated that (1)
(be basic (A) oscillater was phase-shifted mstantaneonsly by brief hight pulses, and that () the transients do not repre-
sent the time course and wave form of the A oscillator Chandrashekaran performed two pulse experiments and re-
ported that huis results proferred unequivocal support to both the predicions of the coupled-oscillator model
Chandrashekaran also proposed a ‘dawn’ and ‘dusk’ model for the phase-shifting effects of brief light pulses He was
later able to empinically demonstrate that brief hght pulses ideed shifted phase with the ‘off” transition (‘dusk’ effecr)
during the first half of the subjective night and with the ‘on’ transihon (‘dawn’ effect) dunng the second half of the
subjective might Further underlmng the mberent differences between the 1wo halves of the subjective might,
Chandrashekaran could demonstrate that early and late subjective might phases of the Drosophila pseudoobscura cir-
cadian rhythm requae different energies of blue hght to evoke comparable magnitudes of delay and advance phase
shifts In another series of experiments he demonstrated that there are reciprocal relations between the irradiance and
duration of blue hght pulses which could m combination severely attenuate the amphtude of the Drosophula pseudoob-
scura carcadian thythm Chandrashekaran also reported the most complete famuly of PRC for HTP and LTP of 3-, 6-
and 12-h pulses and demonstrated that HTP and LTP PRC were mutror tmages and that 6- and 12-h LTP yielded PRC
of the ‘strong” type (type 0) and that all durations of HTP yielded PRC of the ‘weak’ type (type 1)
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1. Introduction

Considerng the importance of phase-response curves (PRC) in circadian rhythm studes, very
few reviews of the subject are avalable, the works of Aschoff’, Pittendrigh® and Johnson® be-
1ng the exception A PRC 15 a plot of phase shifts as a funcuon of circadian phase of a sumulus.
Stumul: that can evoke phase shfts may be hight, temperature, drugs or chemicals admmistered
for brief periods, very often just once m a cycle PRC are central in processes of entrainment
and are reliable phase-markers of circadian rhythms. The overt circadian phenomena monytored
(eclosion, locomotor activity, slesp movements of leaves of plauts, body temperature, etc)
have been likened to the hands of the clock PRC is the closest physiological approxsmation
(clockworks) to the abstraction often designated as the oscillator(s).

Clock genes have been 1dentified (in some wstances even cloned) wm Drosophila, Neu-
rospora crassa, Arabidopsis and recently in a mouse*, In ths paper, [ review some of my own
work carnied out during 19651975 on PRC and the circadian clock undexlying the eclosion of
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adult frustfhes of Drosophila pseadoobscura Landmark works of other authors who had pub-
hshed earhier to me and some very recent work only are cited

The effect of light and temperature on the curcachan thythm of eclosion 1 Drosophila has
been the subject of the earhiest mvestganions m chronobiology™ ® and of many subsequent
studies, some of which are still landmarks™™ The fascinating, 1f sull enigmatic, phenomenon
of ‘temperature ndependence’ of the period length of circadian thythms was also established
for the first time for the Drosophila rhythm”

Much before Konopka and Benzer" 1solated threc behavioural mutants of Drosophila

melanogaster (called period) which drastically altered the pertod length of the circadian clock
‘gating’ both pupal eclosion and adult Jocomotor activity, Pittendngh and Bruce™ had pro-
posed an explicit formal model to account for the response features of the circadian rhythm of
eclosion 1 Drosophila pseudoobscura 1o hight and temperature perturbations The principal
ment of this coupled-oscillator model 1s that 1t ‘explamed” the phenomenon of transsents rather
picturesquely, even though other models™ could also explam transients nnplicatmg a single
oscillator  Another attraction of the Pritendrigh—Bruce model s that it made two concrete pre-
dictions which could be expenmentally tested The model predicted that (i) the basic (A) oscil-
lator will be phase-shifted by bight pulses instantaneously by degrees that could be read off the
standard PRC, and that (1) the fransients do not represent the fune course of the basic oscia-
tor. Chandrashekaran'*"* smdied these 1ssues mn Drosophila pseudoobscura (with PU 301
strawn from Pittendrigh’s laboratory) and empirically confirmed that (1) the basic oscillator was
ndeed instantaneously phase-sitted by as much as deproted in PRC, and that (u) the rransients
dud not reflect the time course nor wave form of the basic oscillaror

Anotber series of experiments on Drosophila pseudoobscura addressed 1tself to the rela-
ponship between the intensity of light pulses and the extent of phase shufts of the ccadian
thythms m eclosion’® Chandrashekaran® clumed that brief ight pulses given during the sub-
jecuve mght conveyed dawn and dusk mformation depending upon the time of the mught they
illumme Results of later specific and exhaustive expersments revealed'” that light pulses m-
deed shuft phase with the "off” transition during the first half of the subjective mght (dusk ef-
fect) and shift phase with the ‘on’ transition duning the second half of the subjecuve mght
(dawn effect) Further accentuating the differences between the two halves of the subjective
mght (for which very few models made any provision', 1t was demonstrated that ten-
fold hugher energres of light had to be adwunistered durmg the first half of the subjectve night,
relative to the second half, to evoke comparable magnitudes of delay and advance phase shifts,
re.spectwely'S A family of gh-temperature polse (HTP) and low-temperature pulse (LTP)
PRC was constructed for the rhythm m contimuous darkness {DD) for pulse durattons of 3, 6,
and 12 b In a major pubhicaton of the pertod, we have reported™ the reciprocal relations
beiween energy (S*) of light pulses and crincal phase of pertarbation (T*} of a thythm atienuat-
g singular somulus

2. Methods

Al experzments summanzed m this review were performed on Drosophila pseudoobscura PU
301 swram kmdly provided to W Engelmann by C S Pittendngh Cultures for earlier experi-
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ments were rased jn usual manner m culture bottles of approxmmately 200 cc volume at
20+02°C1n 12 12 hght/dark (LD) cycles or m DD from the egg stage onwards

21 Light treatments

Light intensities of 10, 3,000 and 10,000 lux were obtained with the aid of projectors fitted
with cimemoid grey filters For lower intensities of 01, 03, 10, 20, 30 and 4 0 lax, neutral
density gelatin filters (Kodak Wratten), number 3 and 4 of 01 and 0 01% transmuttance, re-
spectively, were employed Light intensiies were variously measured with light meters
(Gossen and Weston) and a United Detector Technology optometer.

Low irradiances of monochromate blue Iight (0 01 to 100 uW ¢m®) were obtamed with the
ad of projectors fitted with Pithps 15V 100 W or Osram (2 V 100 W bulbs and Schott &
Marmz interference filters transmutting 442 nm (4 17 nm) For higher ranges of wradiance (50 to
15,000 uW cm?) special projectors fitted with Xenon Iugh 1rradiance bulbs (XBO lamps 2500
V and 1600 W Zeutschel Systematic M 10 DC operated) were used Projector bulbs were
automatecally awrcooled when hghts were turned on In experiments with ugh rrradiance hght
neutral density heat-absorption glass filters were used with interference flters for monochro-
matic hight For the amplitude attenuation experiments™, experimental pupal populations con-
sisted of 1200-1500 pupae These were held in glass petridishes of 9-cm diameter during hght
treatment. Holflow cardboard cylinders were used to conduct high irradiance light from source
to petridishes precluding stray hight. Sice the pupas formed just one layer in all cases, over-
lappmg and casting shadows should have been very low Light pulses lasting a second or frac-
tion thereof were obtained with a photograptuc shutter fixed to the distal end of the cardboard
cylinder The irradiances were measured with a multflex galvapometer (40 A UDT)
(W cm® The degree of arrhythnmeity 15 represented by the value of R after Winfree'® The
densest consecutive 8-h ecloston 1s first determined which would roughly nclude Y5% of the
fhes i normally rhythnue cultures R 1s 100 times the rauo of the number of eclosmg flies
outside this densest 8 h to the number of eclosing flies mside 1t For 1deal staustical arrhyth-
mucity (Ry—the same number of flies each hour day after day—would approach 100 x 16/8 =
200 which never happened in our expenments nor probably m nature.

22 Temperature treatment

Temperature pulses were given to 1200~1500 pupae 1n glass petrt dishes 1n a Toom maintained
at 10°C for LTP and at 30°C for HTP On removal to the expenmental room, the pupae were
immediately transferred to glass petri dishes prewarmed or precooled to avord undue time lag
The pulses (10 and 30°C) did not seem to have any direct detemental effect on the flies The
hourly rate of eclosion 1n this series of experiments was measured for penods of 7-8 days after
temperature treatment on the 20 channels of an Esterline Angus event recorder using a light
beam and photocell device designed by W Engelmann to count celosing flies

23. Measuring eclosion

Tn earlier experiments, the emergence rate was determuned manually every two hours by tap-
ping and collecting the flies 1n detergent watet for the tedious duration of the experiment In
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later expenintents, ecloston was measured with photoelectric automated arrangement linked to a
drgital voltmeter and telepnmer”, and m still later experiments, with the help of a more direct
method™®

3. Results
31 ‘On’and ‘off rhythms

Laboratory populations of fhies and pupae raised mn contmuous hight (LL) or DD are arthyth-
mic But a singular transfer of the potenually arrhythmic pupal populations from LL o DD
initiates the so-called ‘off’ thythm 1n eclosion This thythm 1s cucadian and has a penod of
243 h 1 DD The medians of eclosion peaks occur at 15, 39, 63, 87, 111, 135 and 183 h, etc

after LL/DD transfer and eclosion lasts until there are pupae A singular, nop-recurnng transfer
of potentially arthythmic pupal populations from DD to LL instiates the so-called ‘on” rhythms

Figure 1 Wlustrates the time courses of ‘on’ and ‘off” rhythms All transfers were made at an
arbifrary ‘0° hour which comcided with day 20 of the cultures 1n 20°C The first flies emerged
1 the course of day 20 The first eclosion peak m all cases 1s not shown since synchronization
was uniformly poor It may be noticed that the ‘off” thythms are stable and better synchromzed
than ‘on’ rthythms In fact, the ‘on’ thythms wane even m light of very low mtensiies It may
be noted that the ‘on’ and ‘off” rhythms have very different time courses™®

32 The Drosophla PRC

The circadian eclosion thythm of Drosophila measured mn DD 1s sensitive to hight perturb-
anons of 05 ms. The responses of the rhythm appear as displacements of eclosion peaks
along the tme axis and are designated ‘phase shufts’ (Ag) The magmitude and directions
(advances or delays) are both functions of phases perturbed Figure 2 illustrates the raw data
and the methodology of evoking systematic Ag based on which PRC are constructed?. Figure
3 presents the standard PRC for 15 nun, 1000 lux fluorescent light perturbations (first con-
structed by Pittendrigh and Mins®) Cucadian time (CT) 0-12 h 15 called the subjective day
and CT 12-24 h the subjective mght The rhythm s refractory to light stemuli for the best part
of the subjective day, but responds with mcreasingly dilatory delays during the first half of the
subjective mght At mdnight, the system swiiches over from massive delays to massive ad-
vances, the latter progressively dimmishing 1 magmtude as the mght wears away. The Droso-
Pphila pseudoobscura PRC 18 constructed from steady-state phase shift Ag data which preclude
transtents The PRC describes ‘the tume course and wave form’ of the bastc oseillation® The
PRC can and has been used as a predictive tool for single- and double-pulse light perturbations
{see section 3.3)

33 T and the coupled- lator model

The Ag that follow hight pulses admmistered to the thythm m DD do not express themselves m
full measure m the same, or even adjacent, cycle It takes the thythms 3-4 cycles until the al-
tered steady state with stable phase-angle difference () 1s achieved The cycles intervening the
ongmal and altered steady states have been called transients Transients m the context of cir-
cadtan rhythms were first described by Pittendngh and Bruce™ One important mterpretation of
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the phenomenon of transients was provided by a coupled-oscillator modet of Pittendrigh and
Bruce™? The model envisaged a coupled-oscillator arrangement with one of the oscilla-
tors—the A oscillator bemng hight-sensittve and master pacemaker A oscillator was phase-
shafted mstantaneously by light pulses and was temperature-corpensated qualifymg 1t for bio-
chronometry The B oscillator, on the other hand, was insensiive to hght but sensitive to tem-
perature and sigve to the A oscillator The B oscillator did not feedback on the A osciflator. Ag
of A were of magmitude represented m the PRC, B gradually caught up with A n 3 to0 4 cx-
cadian cycles, restormg the ongmal steady-state phase angle The efforts of B to restore stable
phase with A expressed 1tself 1 the form of overt fransient The coupled oscillator model ele-
gantly and picturesquely ‘explaned’ the transients. Furthermore, the two mam postolates of the
model, that (1) the basic oscillator was reset mstantaneously by light, and that (u) the transients
did not reflect the phase of the basic oscillator, were stated without ambiguwity and lent them-
selves to direct experimental venfication

Soon after the coupled oscillator model was proposed, Bunning and Zimmer™ gave a dif-

ferent mterpretation to transients They concluded from therr studies on the petal movement
rhythms of the it plant Kale : that the transient oscillation of petal
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movement following light signals reflected the behaviour {phase} of the underlying oscillator
They found several phases of the transients to respond to a light signal in a manver smular to
the movement phases of the onginal (steady state) thythm

Working 1 Bunning’s laboratory, Chandrashekaran™"® designed critical experiments
with Drosophuia pseudoobscura to probe the two views on the nature of transients In planning
the experments on millumeter paper (blueprnt), the classical PRC* was assumed to really
charactenze the time course and wave form of the basic oscillaon The rationale was to
admimster hght pulse 1 (LP(} at a given phase and then follow 1t up with light pulse 2 (LPy)
soon after to check if complete Ag had occurred Logically, Ag would be large and to scale of
the PRC by norms of predictions made by the coupled-oscillator model, but small and nearly
undetectable {(in the same cycle at any rate) according to the assumptions of Bunning and

Zimmer™

Figure 4 1llustrates the resuits of an expenment m which LP; (15 min, 1000 lux} was given
at {55 CT and LP; at 22 0 CT Roth the pulses given mdrvidually to two different populations
would have induced roughly 5h delay and 5 h advance Ag, respectively According to Bun-
mng-Zimmer mnterpretation, LP; and LP; should have mutvally counteracted each other’s 1n-
fluence and no A¢ should have shown up But the expenimental results indicate a much larger
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than PRC-predicted delay Ag and 1mply some manner of a summative effect Careful caleula-
tions mdicated that the large delay Ag would result if LP; had indeed shifted the basic oscilla-
tion instantaneously by an amount which can be read from the PRC.

Figure 5 illustrates the results of an experument m which 1t was assumed that LP; indeed
shufts phase lyby a de seen m PRC, and then the phase position of LP;
calculated and admmustered at this phase, to effect an advance A@ of 5h, 1e at phase
220 CT +5h=3CT The raw data and the schemata of the oscillator kinetics, bemng postulated
as indeed happening, are given in Figs 4~6 The data illustrated m Fig S unequivocally dem-
onstrate that LP; admimstered at CT 3 (of control) does evoke Ag which counteracts the effects
of LP; such that the restored tune course of the experimental and control eclosion peaks now
appear to be very simular Contrast this with the results presented n Fig. 4

Fagure 6 contains data of a 2-pulse experument, whose rationale 15 the same as i expen-
ment described 1 Fig 4, except that LP» 1 this expeniment was admmstered in the second
cycle or m the course of the second fransient cycle In this figure, the schemata, reproducing
events as waterpreted, are given i graphic form above the histogram of raw data In all figures
describimg data of 2-pulse experiments, median values of controls are shown as open circles
and of expenmental peaks as closed circles The stipled portion m the graphic schemata
(comeiding wath the third peak) 1s the postulated, possible phase position of rransients. LP,
clearly does not perturb the transient phase but the phase of an mstantaneously altered steady
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FiG 5 The effect on the thythm of two light pulses Py and Pz (15 5 h and. 0[24 5k CT, respecnively) of 15 min duration
and 1000 lux mtensity Other detauls are as m Fig 4 (after Chandrashekaran ™)
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state The results of this expeniment are also unequivocal It is concluded that both the postu-
lates of the coupled-oscillator model, (1) the basic oscillation s phase-shifted mstantaneously
by light pulses, and (1) ranstents do not accurately reflect the ume course (phases) of the basic
oscillation, are vahd at least for the Drosophula clock The last 30 vears have brought to light
sumilar findings for the circadian clocks of a fungus®, a sparrow?’ and 1 our own laboratory,
of a mammal**

34 Down and dusk effects

In the course of early experiments, certaun data tended to indicate, that the first half of the sub-
Jective mght of the circadian clock may show qualiatively different responses to the ‘on’ and
‘off” components of even very brief light pulses, than the second half. More precisely, the first
half of the subjective mght seemed to respond only to the light ‘off’ transinon of a light pulse,
the second half seemed to respond selectively only to the hght ‘on’ transition of a light pulse
These posstbilizes seemed to hold very interesung roles for hight m the context of ecology.
behaviour and entramment This 1s the gt of the dawn/dusk effect model proposed by
Chandrashekaran** The implications are that hight ‘off” mformation sumulates a dusk or sunset
m the first helf of the subjective night and the light ‘on’ acts like dawn or sunrise i the second
half of the subjective night

Figure 7 illustrates the results obtained 1 an extended series of expenments camed out
between 1969 and 1972 (Chandrashekaran er al ")

1 The design m the first batch of expeniments was to administer hight pulses of 15 mum, 1, 2,
3,4, 5 and 6 h duranons, each to a different and large populauon of pupae The timung of
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> srepre e e averaged medhan values of experimental populatons on

no ler Ag) Filled squares reprcscm averaged median values of peaks on days 4 and
5 after light treatment (advasice Ag) (after Chandrashekaran er a?

pulses 1s reproduced n the upper left panel of Fig 7 All pulses agreed in that the light ‘off®
1 alf of thern comcided to occur at 18 0 CT The light “on’ component was approprately
staggered If the light “off” component 1s mdeed the discrete triggering event recogmzed by
the system m shiftmg phase, then all delay phase shifts evoked by varons light pulses must
be of comparable magnitude, regardless of the duration of LP The actual responses of
populations are given on the right-hand side of Fig 7 and the delays ideed appear to be of
comparable magnitude
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In the second batch of experyments, agam 15 mun, 1, 2, 3, 4, 5 and 6 h LP were admums-
tered, this tme around all of them having the hght ‘off’ component systematically stag-
gered to comeide with phase pomts 12, 13, 14, 15, 16, 17 and 18 CT (and light ‘on’ com-
cxding 1 all cases with 12 CT) Here the delay phase shifts must vary as per ‘off” CT phase
which appears to be the case (Fig 7)

[N

w

The oppostte and reciprocal design was used mn further two batches of expenments, scan-
ning the second half of the subjecuve mght In the third batch, pulses of varying duration
(ilumning as many populations of pupae) started at the same circadian phase (19 0 CT)
The pulses were agam of 15 mun, 1, 2, 3,4, 5 and 6 h duration Since hight ‘on’ 1s the effec-
tive phase-shifting wansition, all phase advances evoked must now be comparable durng
the second half of the subjective mght, results indicate that 1t ndeed 15 so

4 In a fourth batch of expenments, the light ‘on’ of the pulses was staggered to comcide with
19, 20, 21, 22, 23, 24 and 01 O CT phase pomts The advance phase shifts muost now be ac-
cordingly varsed, which again 18 the case

3 5. Early and late subjective night halves further differences

Some more expermments were performed m pursuit of our quest to discover further differences
in response features, energy requirements, etc We worked with blue light pulses (442 17 nm})
of different energies Results of phase-shifting expertments performed with light perturbations
are tllustrated m Fig 8 18 0 and 19 0 CT, representing the end of the first half of the subjective
mght and the beginning of the second half, respectively, were exposed to monochromatic blue
Light pulses of varymg energies The 18 0 CT phase was ten-fold less sensiteve than the
19.0 CT phase pomnt Thus difference 15 not a feature restrcted to these phase pomts and 18 &
definmng feature mherent to the oscillator driving the rhythm

36 How to stop the Drosophila clock?

Pavhdis® predicted that the Drosophila clock must possess a ‘point of singulanty’ on theoreti-
cal considerations Drawn m the form of a phase~plane hmit-cycle dragram the singular status
will be caused by light pulses of critical strength $* at critical tume T*, Winfree®® discovered
the values for these two parameters, which in combination, make the eclosion of pupal popula-
tions of Drosophila pseudoobscura arthythrie, with flies eclosing all hours of day and might
Fgure 9 presents the format of the smgulanty pont experiments defining T*, $% and 6 The T*
of Winfree’s expernments was 6 8 h after LL/DD transfer (18 8 CT) and S* was blue light of
460 + 17 nno, of energy 100 ergs/c/s lasting 50 s We undertook an extensive semes of ex-
periments m which we could repeat successfully the difficult expeniments of Winfree We
could severely attennare™ the circadian rhythm m the eclosion of Drosophila pseudoobscura
(A. T. Winfree, W Engelmann and M K Chandrashekaran had worked on the same stran of
frurtflies—PU 301) with dim blue light pulses whose product of radiant exposure was the same
as the smgular simulus of Winfree We had systematically vaned m our expenments the wrra-
diance (1) and duration (f) components within the ranges of rectprocity The range of reciproc-
ity over which the irradiation and duration of the rhythm attenuating light pulses could be
vanied was swpnsingly vast In terms of uradiance, 1t varied from very brght light of
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12,500 uW cr® to 0.01 pW cm® and the duranon could be reciprocally varied from brief Iight
flashes of 0 04 s to long pulses of 5,000 s Fagure 10 sets forth the arrhythmicity and attenuated
rhythmic trends obtamed 1n our expermments The degree of arrhythmucity is represented by the
R values of Winfree®,

The larger open circles 1 Fig 11 represent populations m which the rhythms were attenu-
ated by light pulses whose radiant exposure (2 X #) was 500 4W cm” The diameter of the open
circles roughly rep degrees of arrhythmicity On the contrary, filled circles denote popu-
latsons that remained often (perfectly) rhythmic in spite of exposure to pulses of radiant expo-
sure of 500 yW cm?, and also those populations that responded with phase sinfts.

3.7. Temperature and the Drosophila clock

Although temperature, besides the ubiquitous LD cycles, 1s a strong zeitgeber mn entraining
circadian thythms, very few PRC have been constructed for circadian clocks employing short-
term temperature pulses Confhicting reports had been obtamed by some authors on the re-
sponses of the Drosophila pseudoobscura thythm to temp e perturbations Whereas Zim-

merman ef al.” reported persistent advance and delay phase shufts i response to LTP and HTP
treatment, Winfree” discovered that for hus strain of flies the unpact of a 12-h mcubation at
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diameter of the circle being a direct measure of degree cT ’ h

of arthythmerty Filled circles indicate populfations m

which the rhythm was npot affected  (after

28°C for pupae rarsed at 20°C was severe at all phases. Eclosion peaks occurred 12 h+24 h x
» h after ter on of the 12-h icubation regardless of the phase

‘We reported the most complete fanuly of HTP and LTP of PRC for 3-, 6- and 12-h pertur-
batons. We were able to construct ‘weak’ (type 1) and *strong’ (type 0) kind of PRC with tem-
perature stimuli (Figs 12-13)92

4. Discussion

The experiments described 1n this brief review were performed dunng 1965~1975 In the mter-
venng period, circadian rhythms in Drosophila have been studied miensively and two clock
genes per (period) and fm (hmeless) have been cloned® In 1997, chronobiology hut pay dirt®
and the first circachan clock gene m mammals was 1dentificd and cloned. Although there 1s
considerable conservation and homology between the structural features of clock genes, 1t 15
becoming increasingly clear that these genes ehert functions by completely distinct mecha-
msms™ This 15 no matter for surpnse as biological clocks underlie myriad phenomena and
biochemucal, physiologieal and behavioural processes in organisms as varied as microorgan-
1sms to humans®! Therefore, the formal properties of circadian thiythms such as entramment to
LD cycles, freeronmng under LL and DD and phase-shifung of the rhythms by light, tempera-
tre, chemical and other perturbations, and the sull enigmatic phenomenon of tempera-
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Fic. 13 Phasc-response curves for LTP of 12h (O0), 6h
(%) and 31 (¥) wth values plotted agamst CT of the
mdpowt of LTP (after Chandrashekaran'”)
ture compensation of the peniod of circadhan clocks continue to be the focus of much contem-
porary scientific attention®>

Engelmann® examined the ‘on’ and ‘off’ thythms i the eclosion of Drosephila pseudoob-
seura and pointed out that thewr tume courses relative to each other were displaced by 180° (as
in Fig. 1) In later hterature, such rhythms were likened to dawn and dusk oscillators. Pitten-
drigh pomted out that hight staying on beyond 12 h froze the light-sensitive basic oscillator at
12 CT phase A subsequent restoration of permussive DD condinons released the rhythm from
the 12 CT phase, the eclosion peak always following the pattern=nx ¢+15h, 1e the first
peak occurring 15 h after LL/DD transfer and subsequent peaks following every 24 h (actually
11 DD is 24.3 h) The question that has never satisfactonly been answered 1s the nature of the
‘on’ and ‘off’ rthythms of Engelmann® and Chandrashekaran™'S and what they represent
These rhythms, according to Pittendrigh’s postulate, certainly do not represent the overt ex-
pressions of the pacemaker A-oscillator, The ‘on’ rhythms also have a different time course
than “off’ rhythms, and unitke the latter, wane even 1n dim light as a function of time Another
trend noticed in Fig 1 and i other Light-mtensity experiments on Drosophila'® is that the kmet-
ics of waning 18 in inverse proportion to the LL mtensities m the range of 0.3 to 3000 lux
These experiments need to be repeated and the mtriguing relationship between the mtensity of
LL and speed of waning firmly estabhshed. It is tempting to believe that the ‘on’ thythms may
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represent the overt expressions of the otherwise elusive B-oscillator set m motion by the A-
oscillator at the moment of the onset of LL

Results of experiments tiustated in Figs 4 and 5™ unequivocally support the first tenet of
the Pittendrigh—Bruce'? coupled oscillator model, viz. the instantaneous resetung of the basic
oscillator by light pulses to the extent predicted m the light-pulse PRC Results contained 1a
Fig 6 further confirm the second tenet of the mode] that the franstents followmng hght pertur-
bations do not reflect the fime course and wave form (phases) of the basic oscillator These
appear still to be the only published results of expenments that directly challenged transients
with a second hight pulse.

Instantaneous resetting of the phase has been expermentally established i Neurospora
crassa™ and Passer domesticus™ Tn a recent publicatton, Sharma and Chandrashekaran®
reported that the circadian rthythm 1n the locomotor activity of the field mouse Mus booduga
was mstantaneously reset by brief flourescent light pulses (15 min, 1000 lux), first such report
for mammalian circadian rhythms. Performing two hight-pulse experiments and employmg a
hght-pulse PRC for purposes of phase scanning, they reported that the Ag was 85% complete
6 h after LPy, and 91% after 8h There are also mdications that the fransients following light
perturbations n the mouse circadian rhythm also do not represent the tume course of the basic
oscillator®® The case for possible dawn and dusk roles for light pulses (Fig 7) comciding with
the first and second halves of the subjective night of the Drosophila circadian clock would
scem to have been made Unfortunately, these studies have not been followed up for other cir-
cadian systems A basic precondition for undertaking experiments of this nature s the con-
struction of noise-free and fine-tuned LP-PRC of the kind constructed for Drosophila pseu-
doobscura eclosion rhylhmR

Results of experiments Ulustrated m Fig. 8 indicate that the first and second halves of the
subjectve night of the Drosophula circadian system differ 1n their hght energy requirernents for
comparable Ag by at least an order of magnitude Durmg the phase of the second half of the
subjectrve mght the threshold of response to blue light of 442+ 17 nm 18 ten-fold lower than
during the course of the first half Expersments m our laboratory on the relationship between
Tight intensity and phase resetting in a mammalzan circadian system also mdicate that a five-
fold mitensity of light is required at 15 CT (phase delays) to mduce saturating Ag than 1s re-
quired at 20CT (phase advances)™ Our findings that HTP and LTP of 6- and 12-b durations
evoke two types of PRC-type O for LTP and type 1 for HTP in the same circadian system
freerunmung m DD are of obvious mtercst m the context of models of circadian thythms Low
temperature in general, mimics darkness and high temperature numics hight when offerred 1a
12 12 cycles Interestingly, HTP and LTP PRC for Drosophila are murror images, much as
hght- and dark-pulse PRC made for the circadian rhythm 1n the fight activaty of the msectivo-
rous tomb bat Taphozous melanopogon™.
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