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Summary. The circadian rhythm of a tropical insecti-
vorous bat, Taphozous melanopogon, free-runs in dim
light and responds to dark breaks of a few hours
duration with ‘advances’ and ‘delays’ as a function
of the phase experiencing the “black out”. Similarly
phase shifts also follow perturbations by light breaks.
The time course and the wave form of the phase
response curves obtained from experiments using
pulsed light and pulsed darkness are mirror images
of each other.

Introduction

In the absence of precise information about the
mechanism of the “clock”, the next best source of
information about the temporal properties of a circa-
dian rhythm is the so-called “ phase response curve”
(PRC). The ‘PRC’ graphically describes the qualita-
tive and quantitative variations in the sensitivity of
an endogenous rhythm over a 24-h period to experi-
mentally administered perturbations emanating from
the external world. Whereas the PRC yields contin-
uous cue to the phases of the rhythm at any time
of day or night the ‘overt rhythms’ which are the
markers of time might not yield such cue, especially
when they are discontinuous events such as animal
locomotion and eclosion in insects (Biinning, 1973).

PRCs for light have been worked out for a number
of organisms (Aschoff, 1965). Phase shifts can also
be caused by other factors such as temperature, poi-
sons, drugs and other chemicals (Biinning and Moser,

*  Dedicated to Professor Colin S. Pittendrigh on the occasion
of his 60th birthday

Abbreviations: L=light, D =darkness, L/D =light/darkness cycles,
LL =continuous light, DD =continuous darkness, PRC=phase
response curve, t=period length

1972; Chandrashekaran, 1974). In nature the entrain-
ment of circadian rhythms arises through a process
of appropriate phase shifting by the ubiquitous, ‘ Zeit-
geber’ —the L/D cycles accompanying sunrise-sun-
set. In LL or DD these rhythms ‘ free run’ and system-
atically deviate from the strict 24-h periodicity of their
geophysical environment. Thus it is implicit in the
phenomenon of entrainment that D is as essential
as L. Evenso the literature is replete with results ex-
plaining only the role of light (to the near exclusion
of even mention to D) in entrainment of rhythms
(Takimoto and Hamner, 1965). The role of D in en-
trainment as well as in photoperiodic induction has
been better studied and understood in plants. The
circadian rhythm in the CO, output in the excised
leaves of the plant Bryophyllum fedtschenkoi has been
thus shown to respond to pulsed darkness with phase
shifts at specific phases of the cycle (Wilkins, 1960).
The Bryophyllum CO, rhythm is the only well-do-
cumented instance of D-shifting the phase of a
rhythm. We report here the phase shifting action of
pulses of D lasting 2 and 4 h when administered to
the circadian rhythm in the flight activity of a crevice-
dwelling tropical, insectivorous bat, Taphozous mela-
nopogon. The circadian rhythm in this bat free runs
in LL of intensities of 0.31x to 401x and exhibits
changes in period length (z) in consonance with
Aschoft’s rule (Hoffmann, 1965) in that the 7 in-
creases with increasing intensities of LL. Complete
PRCs to pulsed darkness have been obtained and
compared with a PRC evoked with 15 min white fluo-
rescent light pulses of ca. 1000 Ix intensity.

Materials and Methods

The activity data are based on the analyses of the locomotory
activity patterns of bats as displayed by them while in confinement
within tilting cages in the laboratory. The dimensions of the activity

0340-7594/78/0127/0239/$01.00



240

N EAL1W 3 Al aERs T

R. Subbaraj and M.K. Chandrashekaran: Regulation of a Circadian Rhythm with Light and Darkness

W OSWI S WAy =1 v L TEAET TR /U S LIS
e T TR T T TR F
w i - SSERSR L B Lal i
> smomemi s ins
U 1" A . - i d
Oritis am a - s * w
amin S 1 am ava "
4 =1 mmuss 11 =

| p— —— T T TR - - - e
T -

— =
l‘_;;_
o s S e
lSD [23°° .O?b-}
b Time of Day

recording cages (34 x 17 x 20 cm) did not permit actual flight. Yet
slight ambulatory movements of the bats during time of ‘activity’
were sufficient to tilt the cages poised on knife-edges. The tilts
activated writing stylets that registered vertical deflections on a
slow moving kymograph drum. Esterline Angus event recorders
were used in more recent experiments for purposes of recording.
The activity patterns were recorded in LL of S1x in light-proof
cabins at 28 °C+1°. An incandescent bulb provided the dim LL.
The wire meshing of the cages and the postures assumed by the
resting bats accounted for variations in light-intensity of the order
of ca. 1 to 10 Ix during the ‘freeruns”. The dark pulse perturbations
that lasted 2 h and 4 h were achieved by removing the bats into
dark wooden boxes with a light-tight lid for the duration of the
pulses. The ‘control’ bats were transferred to wooden boxes, illumi-
nated from within with 5 Ix intensity. The handling of the bats
during transfer effects no phase shifts. The transition factor from
LL to absolute darkness and vice-versa is presumed to be in the
range of o. The 15 min light pulses represented a transitory increase
in the light intensity from the ambient, free running 5 Ix to 1000 Ix
for the duration of the pulse, and back to 5 Ix at its termination.
The transition factor, thus, is 200-fold. Food and water were avail-
able ad libitum. In some instances the bats had to be forcibly
fed with cockroaches. Such feeding was then done at different
hours of the day. The data presented here derive from activity
recordings from 751 bat-days.

In the field these bats show a remarkably precise rhythmicity
in the onset of flight activity when they emerge from the Keela
Kuyil Kudi caves close to the University Campus. Emergence of
the first Taphozous melanopogon occurs between 182°-184!
throughout the year (Subbaraj and Chandrashekaran, 1977).
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Fig. 1a and b. Aktograms showing free running
locomotor rhythms in constant dim
illumination of 5 Ix. Consecutive 24-h activity/
rest bands obtained from Esterline Angus event
recorders are mounted serially one below the
other. Phase shifts of activity rhythms induced
by 15 min light pulses of 1000 Ix intensity (a)

T and dark pulses of 2 h durations (b) are shown.

a Advance phase shift induced by light pulse
(a) at 110°. A delay phase shift induced by
light pulse (a) at 300°. b Dark pulse (a --- 4)
administered on 8th day from 120-150° induced
delay phase shift in the onset of activity. The
advance phase shift induced by the light pulse
and the delay phase shifts induced by the light
and dark pulses display no transients

Control free running rhythms showed ts in the range of 25h
at an ambient LL of 5 Ix. Desired phases for the L- and D-pulse
perturbations were computed by taking the actual or anticipated
onset of flight (ambulatory) activity as 0°. Actual phase shifts
were then obtained in minutes which denoted the difference in
time between the projected onset of activity for a bat read out
from the slope of the onset of activity from its aktogram before
perturbation and actual onset of activity after the perturbation.
The altered time course set in abruptly in the very first ‘onset’
following perturbation without the customary ‘transients’ (Fig. 1).
Each phase shift experiment lasted between 8 and 10 days after
treatment. Untreated animals were allowed to free run in LL for
at least a week.

Results

The circadian time (CT) terminology of earlier au-
thors (Pittendrigh and Minis, 1964) is abandoned here
since the 7 of the flight activity of Taphozous melano-
pogon is significantly higher than 25h in LL. The
phases are expressed in degrees between 0° to 360°.
(0° denotes the onset of flight activity in this bat and
hence the onset of the subjective night half-cycle.
When relatively long perturbations are involved as
phase shifting agents at least the ‘onset’, ‘midpoint’
and the ‘end’ of the perturbation come in for consid-
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Fig.2. PRCs for D-pulses of 2h (8) and 4h (1) durations. Sym-
bols denote delayed (above the horizontal line) and advanced (be-
low the horizontal line) occurrence of the onset of activity on
days following D-pulse treatment. Phase shift data include mea-
surements obtained from day 2 onwards following perturbations
for periods varying from 8 to 10 days in each case. Horizontal
line dividing the delays from advances indicates the projected phase
position of the rhythm of the bat prior to perturbation with
D-pulses of both 2h and 4h durations. Abscissa: Phase of the
circadian rhythm in LL of 51x. The t of approximately 25 h=360°.
0° signifies onset of activity and the beginning of the subjective
night. Ordinate: Phase shift data plotted against circadian phase
of ‘onset’ of the D-pulses

eration as reference phases. Here we plot the phase
shift data against the phase of the onset of the pertur-
bation. It is evident from Figure 2 that D-pulses ex-
perienced by these nocturnal mammals during their
subjective night (active) half-cycle lead to ‘delay’
phase shifts, i.e., delayed occurrence of the onset of
activity on ensuing days. D-pulses experienced dur-
ing the subjective day half-cycle lead to ‘advances’.
Both 2-h and 4-h D-pulses evoke qualitatively similar
phase shifts the differences being only in magnitude.
4-h D-pulses effect more pronounced phase shifts,
than 2-h pulses especially in the region of advancing
responses. Figure 3 compares and contrasts a PRC
for 15 min white L-pulses of intensity of ca. 1000 Ix
with the PRC for 2-h D-pulses. Phase advances are
effected by L-pulses falling in the region of late subjec-
tive day and entire subjective night. Phase delays are
effected by L-pulses falling in the early subjective
day. The curves are not strictly comparable since the
perturbations are not of the same dimensions with
regard to duration, intensity and/or energy. The com-
parison must, therefore, be limited to drawing general
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Fig. 3. Comparison of the 2 h D-pulse PRC (#) with a L-pulse
(15 min 1000 1x) PRC (). The phase shift data for both curves
plotted against circadian phase of the ‘onset’ of the L-and D-
pulses. Other details as for Figure 2

inferences. L-pulses cause ‘advances’ in the region
of the circadian cycle where D-pulses cause ‘delays’.
L-pulses cause largely ‘delay’ phase shifts during the
subjective day half and D-pulses cause ‘advances’
in this region. Light-pulses and D-pulses cause delay
phase shifts of comparable magnitude 180° apart. The
2 PRCs also ‘switch’ from delay responses to advance
responses 180° apart relative to each other.

The ‘mirror-imaging’ pattern is complete and per-
fect for the action of L and D-pulses during the sub-
jective night region of the circadian rhythm.

Discussion

The time course and waveform of PRCs must reflect
the ecological adaptive features a circadian physiolog-
ical organization would confer on the organism. Thus,
the qualitatively and quantitatively varying responses
of the several phases must be explainable in terms
of the action of the Zeitgeber in the special context
of entrainment of circadian rhythms. Yet Pitten-
drigh’s (1966) analysis of the functional and kinetic
relationship of the PRC for the Drosophila rhythm

to the process of its entrainment remains the only

exercise of its kind. Pittendrigh (1966) explained the
process of entrainment and even photoperiodic induc-
tion in terms of the phase shifts repeatedly effected
by short duration (15 min, 1000 Ix) light pulses and
skeletal photoperiodic regimens.
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Extending Pittendrigh’s methodology of analysis
of the PRC in the context of rhythm entrainment
to the Taphozous case, a certain discrepancy in the
region of the phase jump of the LP-PRC becomes
apparent. The phases just preceding and coinciding
with onset of “flight” activity display ‘advance’ re-
sponses. Delay responses would appear to be more
appropriate for a bat erring into light ahead of time.
Interestingly enough, however, the actual onset of
endogenous activity coincides with the socalled
“‘arousal” which occurs around 300° a region still
showing ‘delay’ responses. In other words, a light
perturbation experienced by a bat at this phase would
still “delay’ activity. After complete arousal in nature
these bats are known to emit (audible) social vocaliza-
tion and await sunset to fly out (Subbaraj and Chan-
drashekaran, 1977). Thus onset of flight activity is
determined on the basis of light sampling and direct
triggering. Any gross misjudgement of the bat flying
out much too early would result in an LP-perturba-
tion which then ‘advances’ the onset of activity on
the ensuing day. Such day to day shifting of the
rhythm apparently entrains and synchronizes the ac-
tivity/rest pattern of the bats. No region of the PRCs
evoked either by L-pulses or by D-pulses is character-
ised by a ‘dead zone’ indicating virtual unresponsive-
ness to light. To this extent the resultant curve is
unusual and different from all the PRCs obtained
on nocturnal animals (DeCoursey, 1961; Pittendrigh
and Daan, 1976).

Mirror-imaging of the responses of circadian
rhythms to opposing signs in the perturbations have
been reported for the other organisms. The phase
of the CO, rhythm in the leaves of Bryophyllum fed-
tschenkoi is reset by L-pulses at the troughs (between
the crests) and the phase in LL is reset by D-pulses
at the crests (Wilkins, 1960). Singular transitions of
DD/LL (on) and LL/DD (off) can induce in the plant
Pharabitis nil rhythms with time course 180° apart
(Takimoto and Hamner, 1965). Similar responses oc-
cur in the eclosion rhythm of Drosophila pseudoob-
scura (Engelmann, 1966) and in the petal movement
rhythm in the flowers of Kalanchoe blossfeldiana (En-
gelmann and Honegger, 1967). These rhythms, desig-
nated ‘on’ and ‘off” rhythm for the eclesion rhythms
of Drosophila pseudoobscura have been successfully
‘simulated’ by appropriately high and low intensities
of light (Chandrashekaran and Loher, 1969). Abso-
lute darkness appeared to displace phases to the oppo-
site side of the trajectory of the circadian oscillation
relative to the side to which L displaces phases. Such
antipodal displacement is apparently the cause of the
‘mirror imaging’ we report between L-pulse and D-
pulse PRCs and may well be a necessary precondition
for the very process of entrainment. Thus L and D

have opposite but mutually complementary influences
on the circadian rhythm. In this context it is of interest
that “warm’ and ‘cold’ steps act much as L and
D-steps in affecting the time course of circadian
rhythms (Zimmermann et al., 1968). Similarly ‘high’
and ‘low’ temperature pulses evoke diametrically op-
posed responses in the Drosophila pseudoobscura
rhythm and the PRCs obtained with them are perfect
mirror images. The kinetics of the action of L-pulses
and D-pulses are also very different. In general L-
pulses, at least in animal systems, exert marked phase
shifts even if offered very briefly. The shortest I-
pulses to shift the Drosophila rhythm lasted only
/2000 s (Pittendrigh and Minis, 1964). D-pulses must,
as a rule, fast 2h or longer. There are indications
that for our Taphozous circadian rhythm both L-
pulses and D-pulses, at least in range of magnitudes
and energies employed here, evoke the type ‘O’
(strong) PRCs in that the rhythm switches from
‘delays’ to ‘advances’ without inertia (Winfree,
1970). The phase shifts accompanying both L and
D perturbations to the circadian rhythm in our bat
are unusual in that they are achieved without any
transients (Fig. 1) regardless of the sign of the phase
shift and strength of perturbation.

We thank Professor Dr. E. Biinning and Dr. Wolfgang Engelmann
for making critical improvements to the manuscript. We also thank
our colleagues in the Unit of Animal Behaviour for their ready
and cheerful participation in the several stages and processes that
led to the writing of this paper. Financial support by the University
Grants Commission, Government of India, in the form of a gen-
erous grant and generous donations of equipment for work on
chronobiology by the Alexander von Humboldt Foundation, Bonn-
Bad Godesberg, both to M.K.C., are gratefully acknowledged.

References

Aschoff, J.: Response curves in circadian periodicity. In: Circadian
clocks (ed. J. Aschoff), pp. 95-112. Amsterdam: North-Holland
1965

Biinning, E.: The physiological clock, pp. 258 (revised 3rd English
Ed.). Berlin-Heidelberg-New York: Springer 1973

Biinning, E., Moser, L.: Influence of valinomycin on circadian
leaf movement of Phaseolus. Proc. Natl. Acad. Sci. USA 69,
2732-2733 (1972)

Chandrashekaran, M.K.: Phase shifts in the Drosophila pseudoob-
scura circadian rhythm evoked by temperature pulses of varying
durations. J. Interdiscipl. Cycle Res. 5, 371-380 (1974)

Chandrashekaran, M.K., Loher, W.: The effect of light intensity
on the circadian rhythm of eclosion in Drosophila pseudoob-
scura. Z. vergl. Physiol. 62, 337-347 (1969)

DeCoursey, P.J.: Effect of light on the circadian activity rhythm
of the flying squirrel Glaucomys volans. Z. vergl. Physiol. 44,
331-354 (1961)

Engelmann, W.: Effect of light and dark pulses on the emergence
rhythm of Drosophila pseudoobscura. Experientia 22, 606 (1966)

Engelmann, W., Honegger, H.-W.: Versuche zur Phasenverschie-



R. Subbaraj and M.K. Chandrashekaran: Regulation of a Circadian Rhythm with Light and Darkness 243

bung endogener Rhythmen: Bliitenblattbewegung von Ka-
lanchoe blossfeldiana. Z. Naturforsch. 22, 200-204 (1967)

Hoffman, K.: Overt circadian frequencies and circadian rule. In:
Circadian clocks (ed. J. Aschoff), pp. 87-95. Amsterdam:
North-Holland 1965

Pittendrigh, C.S.: The circadian oscillation in Drosephila pseudoob-
scura pupae: a model for the photoperiodic clock. Z. Pflan-
zenphysiol. 54, 275-307 (1966)

Pittendrigh, C.S., Daan, S.: A functional analysis of circadian
pacemakers in nocturnal rodents. II. The variability of phase
response curves. J. comp. Physiol. 106, 253-266 (1976)

Pittendrigh, C.S., Minis, D.H.: The entrainment of circadian oscil-
lations by light and their role as photoperiodic clocks. Am.
Naturalist 98, 261-294 (1964)

Subbaraj, R., Chandrashekaran, M.K.: ‘Rigid’ internal timing in
the circadian rhythm of flight activity in a tropical bat. Qecolo-
gia (Berl.) 29, 341-348 (1977)

Takimoto, A., Hamner, K.C.: Studies on red light interruption
in relation to timing mechanisms involved in the photoperiodic
response of Pharbitis nil. Plant Physiol. 40, 852-854 (1965)

Wilkins, M.B.: The effect of light upon plant rhythms. Cold. Spring
Harbor Symp. Quant. Biol. 25, 115-131 (1960)

Winfree, A.T.: Integrated view of resetting a circadian clock. J.
Theor. Biol. 28, 327-374 (1970)

Zimmermann, W.F., Pittendrigh, C.S., Pavlidis, T.: Temperature
compensation of the circadian oscillation in Drosophila pseu-
doobscura and its entrainment by temperature cycles. J. Insect
Physiol. 14, 669-684 (1968)



