
Drosophila shows bimodal circadian locomotor rhythms with peaks around light-on (morning peak) and

before light-off (evening peak). The rhythm synchronizes to light and temperature cycles and the syn-

chronization is achieved by two sets of clocks: one entrains to light cycles and the other to temperature

cycles. The light-entrainable clock consists of the clock neurons located in the lateral protocerebrum

(LNs) and the temperature-entrainable clock involves those located in the dorsal protocerebrum (DNs)

and the cells located in the posterior lateral protocerebrum (LPNs). To understand the interaction between

the light-entrainable and the temperature-entrainable clock neurons, locomotor rhythms of the mutant

flies lacking PDF or PDF-positive clock neurons were examined. Under the light cycles, they showed

altered phase of the evening peak. When exposed to temperature cycles of lower temperature levels, the

onset of evening peak showed larger advance in contrast to those of wild-type flies. The termination of

the peak also advanced while that of wild-type flies remained almost at the same phase as in the constant

temperature. These results support our hypothesis that the PDF-positive light entrainable cells regulate

the phase of the temperature entrainable cells to be synchronized to their own phase using PDF as a cou-

pling mediator. 
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INTRODUCTION

Daily activity rhythms of animals are basically generated by an endogenous mecha-

nism, so-called circadian clock, and are precisely synchronized by environmental

cycles [1]. The fruit fly, Drosophila melanogaster, shows a bimodal locomotor
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rhythm with peaks at lights-on (morning peak) and prior to lights-off (evening peak).

The rhythm usually firmly synchronizes to light dark cycles (LD), but temperature

has great effects on the phase of the rhythm [2, 5, 8]. The effect of temperature is

important for phasing the activity rhythm so that the daily activity peak occurs at an

appropriate time according to seasonal and daily changes of temperature. For exam-

ple, under lower ambient temperatures the morning peak starts later and the evening

peak earlier. The molecular basis for this change of phasing has been hypothesized

to lie in the early accumulation of per and tim mRNAs in lower temperatures [5, 6].

In nature, both light and temperature oscillate in a daily manner. Temperature cycles

indeed synchronize the rhythm [15, 16], and molecular studies revealed that the syn-

chronization is achieved through changes in clock gene expression levels and that

dClock plays a major role in the temperature synchronization [18]. A recent study at

cellular levels revealed that entrainment to the combinations of LD and temperature

cycles is achieved by two sets of clock neurons synchronizing either to light or tem-

perature cycles [8]: of the 8 groups of cerebral clock neurons (Fig. 1), those located

lateral protocerebrum (LNs) entrain to the LD cycles, whereas those located in the

dorsal part (DNs) and in the posterior lateral protocerebrum (LPNs) entrain instead

to the temperature cycles. However, the mutual interaction between the light-entrain-

able and temperature-entrainable clock neurons is still largely unknown. We thus

addressed this issue by recording the activity of flies lacking PDF or PDF-positive

clock neurons under LD and temperature cycles. We revealed that PDF-positive

light-entrainable cells have a strong impact on the phase of the temperature-entrain-

able cells. The results suggest that the coupling between the light-entrainable and the

temperature-entrainable clock neurons enables Drosophila to maintain a proper

phase relationship between its daily activity and the natural daily light and tempera-

ture cycles.

Fig. 1. Clock neurons in the Drosophila brain. The cells could be roughly classified into 8 classes:

PDF-positive s-LNv, l-LNv and PDF-negative 5th s-LNv and LNd cells, DN1-3 and LPNs



MATERIALS AND METHODS

Fly strains

All experiments were performed with adult flies of Drosophila melanogaster reared

on standard cornmeal-glucose-yeast medium at 25 °C under a light-dark cycle with

12 h light and 12 h darkness (LD12:12). w;pdf-Gal4/UAS-rpr,hid (pdf-rpr,hid) flies

were used and the results were compared with those from wild-type (Canton-S) and

y w; pdf 01 (pdf 01) mutant flies.

Behavioral analysis

Male flies of 1–4 days old were individually housed in acrylic rectangular tubes

(3×3×70 mm). The tubes were plugged at one end with agar/glucose medium as food

and were sealed by plastic tape; at the other end they were sealed with cotton.

Movement of the fly was sensed by a photo-sensor: a moving fly interrupted an

infrared beam and the number of interruptions during each 6 min was recorded using

a computerized system. The fly tubes and the activity sensing system were placed in

an incubator (Sanyo Biomedica, MIR-153, Osaka, Japan), in which the light and tem-

perature were controlled. Lighting conditions in the incubator were given by a 15 W

cool white fluorescent lamp (TOSHIBA, FL15W, Tokyo, Japan) connected to an

electric timer. Light intensity at the animal’s level was about 200–600 lux, varying

with the proximity to the lamp. Temperature cycles (25 °C/20 °C or 20 °C/10 °C

12 : 12 h) were set by a built-in thermostat driven by an electronic timer. The raw data

were displayed as conventional double-plotted actograms to judge activity patterns,

and average activity profiles were also calculated with 30 min bins.

RESULTS AND DISCUSSION

It has been hypothesized that the s-LNv cells not only drive the morning peak and a

part of the evening peak [4, 11, 13] but regulate the phase of the circadian system by

resetting the LNd, DN1 and DN3, and that the l-LNv and DN2 have no impact on the

locomotor rhythm [14]. If the hypothesis is true, the flies lacking s-LNv cells would

be substantially deficient for synchronization to light cycles. We thus examined loco-

motor activity of w;pdf-GAL4/UAS-rpr,hid (pdf-rpr,hid) of which PDF-positive LNv

cells were genetically ablated [17] and compared the results with those of y w; pdf 01

(pdf 01) flies that lacked PDF as an output molecule of the LNv cells [10].

Figure 2A shows a locomotor rhythm of a representative wild-type fly under 12 h

light and 12 h dark cycle with different temperature conditions. The temperature was

kept at 25 °C for the first 5 days then a temperature cycle of 12 h 20 °C : 12 h 10 °C

was given with the light phase coinciding with the warm phase. At 25 °C, wild-type

flies showed a morning peak around lights-on and the evening peak slightly before
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Fig. 2. Locomotor activity rhythms of wild-type (Canton-S), w;pdf-Gal4/UAS-rpr,hid and y w; pdf 01

mutant flies under light and temperature cycles. Flies were first entrained to LD12:12 at constant 25 °C

for the first 4 days, then placed in LD12:12 and 20 °C:10 °C 12:12 for the next 10 days, subsequently to

LD12:12 and 25 °C:20 °C 12:12. White and black bars above the actograms indicate light (white) and

dark (black) cycle, respectively. Lines below the white and black bars indicate the temperature cycle,

with upside deflection indicates the warm phase. ZT is the zeitgeber time within a light-dark cycle exper-

iment; ZT 0 corresponds to the lights-on event and ZT 12 to the lights-off event



the light-off. When the temperature cycle of 20 °C : 10 °C 12 : 12 was given, the

evening peak started earlier by about 2.5 hrs. The offset of the evening peak stayed

at almost the same phase before the temperature cycle was given. When the temper-

ature levels were increased to 25 °C : 20 °C 12 : 12, the activity pattern became to be

similar to that in constant temperature of 25 °C (Fig. 2A).

Figure 2B and C show the representative results for pdf-rpr,hid flies and our pre-

vious results for pdf 01 flies [8]. Under light cycles at 25 °C, both flies synchronized

with the light cycle in such a way that the evening peak started with a rapid rise and

peaked at around ZT 8~10 significantly earlier than in wild-type flies. This altered

phasing of the evening peak in flies lacking PDF-positive LNv cells suggested that

PDF-positive LNv cells are responsible for phase-regulation of the other neurons.

The pdf-rpr,hid flies also showed activity peaks around light-on. This may be caused

by an unknown mechanism, because the flies lacked the cells driving the morning

peak. When the temperature cycle of 20 °C : 10 °C 12 : 12 was given in the way that

the warm phase coincided with the light phase, the evening peak of both flies

occurred earlier by about 3 hrs to peak around the midday. When the temperature

cycle was changed to 25 °C : 20 °C 12 : 12, both pdf 01 and pdf-rpr,hid flies showed a

similar pattern to that in the constant temperature conditions of 25 °C (Fig. 2B, C).

These results clearly demonstrate that the phase of the evening peak of the flies lack-

ing functional PDF-positive LNv cells is highly dependent on the temperature cycles. 

However, closer observation of the evening peaks for the pdf-rpr,hid and pdf 01

flies revealed that the peak always occurred slightly later in pdf-rpr,hid flies both

under constant temperature and temperature cycles (Fig. 3). This observation is con-

sistent with those by Renn et al. [10]. The night time activity was higher in pdf-
rpr,hid flies under constant temperature and the probable masking effect at lights-off

was intense under the temperature cycle of 20 °C and 10 °C (Fig. 3A, B).

Considering the fact that the LNv cells include not only PDF but also other neuro-

transmitters, it might be possible that these alternations in phase and activity levels

are due to the lack of neurotransmitter(s) other than PDF.

Together with the previous findings [11, 14], the present results suggest that the

temperature-entrainable clock cells, except DN2 cells, are regulated with their phase

by resetting signals from the light-entrainable PDF-positive s-LNv cells. Considering

the fact that PDF has phase-shifting effects on circadian clock of cockroaches and

crickets [9, 12], our results suggest that PDF mediates the phase regulation by the

LNv cells. This view is also supported by recent findings that PDF receptors are

expressed in or near DN1 and DN3 cells [7]. In the pdf 01 and pdf-rpr,hid flies the

evening peak showed large phase advance by temperature cycles with lower temper-

ature levels, irrespective of having LNd cells which was reported to be light-entrain-

able [8]. LNd cells may be normally synchronized by the PDF-positive LNs through

PDF, since it is known that LNd cells have a PDF receptor [7]. However, the slight-

ly delayed phasing of evening peak in pdf-rpr,hid flies lacking LNvs comparing with

that of pdf 01 mutant flies suggest neurotransmitter(s) other than PDF is also involved

in phase regulation of the evening peak.
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In the natural field, the temperature cycles daily manner with the temperature lev-

els changing seasonally. With the dual clock system consisting of light-entrainable

and temperature-entrainable clock neurons, the fruit fly showed a locomotor rhythm

appropriately synchronizing to daily light-dark and temperature cycles. This system

would provide a good model to understand at a neuronal level how the animals can

temporally adjust their behavior to the daily cycling environment.
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Fig. 3. Profiles of average daily locomotor activity rhythm of w; pdf-GAL4/UAS-rpr,hid transgenic flies

lacking PDF-positive LNvs (A, B) and y w; pdf 01 mutant flies lacking PDF (C, D) [8] under LD12:12 at

constant temperature of 25 °C or under temperature cycles of 20 °C:10 °C 12:12. Black and white

columns indicate activities during dark and light period, respectively. Vertical bars indicate S.E.M.

Dotted area indicates thermophase. n indicates the number of flies used. ZT is the zeitgeber time
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