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Circadian Clock in Drosophila

» Biological clock: the molecular and neuronal mechanism. (GC)
» Resetting the clock by light, temperature, etc. (ZH)

» Circadian regulation of behaviors and physiology. (VG)
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Cir-ca-di-an (sar-ka’'de-an) ad,. Biol.
Of or exhibiting approximately 24-hour periodicity.
[<Lat. circa, around + diés, day.]

The American Heritage Dictionary of the English Language, Houghton Mifflin,
New York, 1994.)
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Circadian cycling of physical environment and
physiology/behaviors of organisms on earth
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Circadian rhythm in Chronobiology
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A circadian cycle was first observed in the 18th century In
the movement of plant leaves

DE MAIRAN.
Credit: National Library of Medicine
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Founders of modern Chronobiology

Erwin Blinning Juirgen Aschoff Colin Pittendrigh

endogenous circadian rhythms Zeitgeber, zeitgeber time Entrainment to local light-dark cycles
governing plant photoperiodism temperature compensation



Circadian rhythm in Chronobiology
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Drosophila as a model for chronobiologists

* 1930s Kalmus and Bunning demonstrated a circadian rhythm in Drosophila eclosion.

* 1950s Colin Pittendrigh employed Drosophila pseudoobscura to explore the formal
properties of phase resetting and to formulate the general circadian principle of

temperature compensation.

* 1971, Ronald Konopka and Seymour Benzer isolated the first single gene “clock”
mutants in Drosophila melanogaster, thereby initiating genetic analysis of the clock

mechanism.



Proc. Nat. Acad. Sci. USA .
Vol. 68, No. 9, pp. 2112-2116, September 1971

Clock Mutants of Drosophila melanogaster

(eclosion/circadian/rhythms/X chromosome)

RONALD J. KONOPKA AND SEYMOUR BENZER

Division of Biology, California Institute of Technology, Pasadena, Calif. 91109

Coniributed by Seymour Benzer, July 2, 1971

ABSTRACT Three mutants have been isolated in
which the normal 24-hour rhythm is drastically changed.
One mutant is arrhythmic; another has a period of 19 hr;
a third has a period of 28 hr. Both the eclosion rhythm of a
population and the locomotor activity of individual flies
are affected. All these mutations appear to involve the
same functional gene on the X chromosome.

Rhythmic variations in behavior are displayed by many
organisms, ranging from single cells to man (1). When the
rhythm persists under constant conditions, and has a period
of around one day, depending little on temperature, the
rhythm is called circadian (2). Many experiments have at-
tempted to probe the mechanism (3), but the nature of the
underlying oscillation remains unknown (4). Perturbations
by inhibitors of RNA or protein synthesis suggest that such
molecules are involved (5-8). Biochemical systems that
oscillate with much shorter periods have been demonstrated

dark period. In a few bottles, males emerged in approximately
equal numbers during day and night. Each mutant candidate

- was examined in more detail by raising pupae in LD 12:12,

then monitoring the adult eclosion rhythm in constant
darkness. From a total of about 2000 F, males, three rhythm
mutants were obtained.

Determination of eclosion and locomotor
activity rhythms
Eclosion rhythms, free-running in constant darkness, were
determined with automatic “bang boxes” (20), generously
loaned by Dr. Colin Pittendrigh. Several hundred pupae,
raised in LD 12:12, were transferred to the apparatus at the
end of a light cycle. The apparatus was thereafter maintained
in constant darkness. Fractions were collected every hour,
yielding an eclosion profile.

Locomotor activity of individual adult flies was measured



Eclosion rhythms and locomotor activity rhythms in constant
darkness for populations of rhythmically normal and mutant flies
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Mapping per to 3B1-3B2 on X chromosome
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Cloning per - the first clock gene

Bargiello, T. A., F. R. Jackson and M. W. Young (1984). "Restoration of circadian behavioural rhythms by gene transfer in Drosophila.” Nature 312(5996): 752-
754,

Reddy, P., W. A. Zehring, D. A. Wheeler, V. Pirrotta, C. Hadfield, J. C. Hall and M. Rosbash (1984). "Molecular analysis of the period locus in Drosophila
melanogaster and identification of a transcript involved in biological rhythms.” Cell 38(3): 701-710.

Zehring, W. A,, D. A. Wheeler, P. Reddy, R. J. Konopka, C. P. Kyriacou, M. Rosbash and J. C. Hall (1984). "P-element transformation with period locus DNA
restores rhythmicity to mutant, arrhythmic Drosophila melanogaster.” Cell 39(2 Pt 1): 369-376.
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The core transcription/translation feedback loop

Circadian Time




The circadian molecular network

Mendoza-Viveros, L. et al. 2017



Circadian genes

Circadian function Molecular action Circadian
system

period  ar, short, or long circadian behavioral and Interacts with TIM, dCLK and CYC to negatively regulate dCLK/CYC  oeqijlator
molecular rhythms
sgg Shaggy, Short or long circadian behavioral and Glycogen synthase kinase Ill ortholog which phosphorylates TIM to  cillator
molecular rhythms regulate the timing of TIM's light sensitivity and nuclear feedback
tim timeless Dimerizes with Per proteins to inhibit Cycle/Clock transcriptional Oscillator
activity
Clk ar circadian behavioral and molecular rhythms Dimerizes with Cycle to bind E-box and activate transcription of Per  q:iliator
and Tim
Pdf Pigment-dispersing factor Oscillator
cyc Cycle ar circadian behavioral and molecular Interacts with dCLK to positively regulate perand #im mRNA and to  oegijlator
rhythms negatively regulate dC/k mRNA; both types of regulation repressed
by PER/TIM
Doubleti ar, short, or long circadian behavioral and Phosphorylates Per proteins Casein kinase | ortholog which interacts  scijiator
me molecular rhythms with PER to produce phosphorylation of PER; regulates stability and

timing of nuclear feedback by PER

simb supernumerary limbs Oeclllaie

vri Vrille, Short, long, and damped circadian Transcription factor which is positively regulated by dCLK/CYC and  scijlator
behavioral which negatively regulates per, tim and dC/k mRNA
and molecular rhythms

cry Cryptochrome, Arrhythmic and high levels of Light-activated Cry binds Tim, allows its phosphorylation by Double- Input:
PER and TIM in most tissues; rhythmic behaviortime, with ensuing degradation and clock resetting peripheral
and molecular oscillations in lateral neurons. Oeclllaia

CKll casein kinase lla phosphorylates and destabilizes PER and TIM, inhibit CLK,
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http://flybase.org/reports/FBgn0003068
http://flybase.org/reports/FBgn0003371
http://flybase.org/reports/FBgn0014396
http://flybase.org/reports/FBgn0023076
http://flybase.org/reports/FBgn0023178
http://flybase.org/reports/FBgn0023094
http://flybase.org/reports/FBgn0283468
http://flybase.org/reports/FBgn0016076
http://flybase.org/reports/FBgn0025680
http://flybase.org/reports/FBgn0264492
http://flybase.org/reports/FBgn0265784

Circadian oscillators in Drosophila heads

Cycling in circadian circuits
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Circadian clock in Malpighian tubules
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Circadian rhythm in Drosophila

Infrared beam
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Questions

* More clock genes
* How clocks communicate

* Temperature compensation






* Animals have a set of intrinsic strong oscillating pacing
mechanisms. What synchronize their cycles with the outside world?

* Light 1s the most direct clue of the environment, how does the
entrainment of circadian clock respond to light?

* Temperature 1s another clue of the external environmental. It is
also one of the important conditions affecting the biochemical
reaction. How does the circadian clock respond to the
temperature shifts?

* Are there any other elements that influence the entrainment of
circadian clock 7



Natural entrainment of circadian clock
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Cryptochrome: a Circadian Photoreceptor in Drosophila
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Pattern of CRY expression
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The mechanism of CRY working on circadian feedback loop
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Compare Drosophila with mammalian

Yoonhee Ki.2015



Cry Is not sufficient for circadian photoentrainment

before shift

after shift

Stanewsky. 1998

Phase change (hours)

LD at high intensity

LD at low intensity

—t—i

15 21

15 21

Zeitgeber Time

Busza.ect 2004

Bl CsA

1 cry?
[ norpAF2



Rh7:A rhodopsin functions in circadian photoentrainment
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Pattern of Rh7 expression

merge

&

®

*

Different groups of clock neurons. The boxed areas indicate
locations of two groups of Rh7-positive cells.

Jinfer D. Ni.2017



Rescue of the rh71,cry? photoentrainment defect by
expression of rh7 in pacemaker neurons
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Effect of temperature on circadian locomotion in
Drosophila
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Effect of temperature on circadian locomotion in Drosophila
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Compound eye
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nocte mediates molecular temperature synchronization in
clock neurons
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Nocte integrate light and temperature inputs in circadian clock
neurons
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Compare Drosophila with human
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A model of Drosophila circadian entrainment
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A model of Drosophila circadian entrainment
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Other ways influencing circadian entrainment

* Feeding
* Soclal experience



Questions

* |s there a temperature-dependent adjustment mechanism
Independent of light?

* How does the synchronization molecular mechanism in response
to temperature work?

* |s there a different pathway mediates protein degradation other
than TIM?

* How do other behaviors and conditions affect the entrainment of
circadian clock?



e

“
o
-

ion /
Behaviors & Physiology

V.G



Rhythmic behaviors & physiology
phenomenon in human and Drosophila

Human Circadian Rhythms Drosophila Circadian rhythms
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Behaviors regulated by circadian rhythmic outputs

» Regulation of Egg-Laying

» Regulation of Temperature Preference

» Eclosion as a “One Time Only” Output of the Clock



Regulation of locomotor activity rhythms

A. normal
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Large and small LNvs are necessary for free-running (DD)
locomotor activity rhythms

Driver UAS % of Flies n Period (h) Activity(min') Power
pdf-GAL4 Cc1 47 24.2+0.29 0.54+0.02 81+2
pdf-GAL4 c2 48 24.3+0.04 0.47+0.02 13117
pdf-GAL4 Kir2.1(1l) 32 — 0.38+0.02 761
pdf-GAL4 Kir2.1(1l) 31 —_ 0.60+0.03 7742
pdf-GAL4 NC1 31 24.7+0.04 0.62+0.03 17449
pdf-GAL4 NC2 16 24.5+0.08 0.77+0.07 149+13
pdf-GAL4 NC3 29 24.5+0.04 0.44+0.02 16519
yw c1 16 23.5+0.05 0.52+0.03 16017

yw NC2 16 23.4+0.10 0.45+0.03 147412
I ! 1 1 L

T
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Current Biology
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Morning and evening peaks of activity rely on different
clock neurons of the Drosophila brain
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s-LNvs project to dorsal brain
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PDF Is required for free running locomotor activity
rhythms in flies

Wild type (sﬂ
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PDF (pigment dispersing factor) —— a bridge between
different clock neurons

DN, ; DN, DN1F=

CRY + CRY - ,
CRY DN'1 p Neuron, Vol. 48, 267-278, October 20, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.neuron.2005.08.025
CRY +
i DN, Drosophila GPCR Han Is a Receptor
N C;+ @ CRY- for the Circadian Clock Neuropeptide PDF
d ! :
LNd CRY - |. :I.. A W— Neuron, Vol. 48, 221-227, October 20, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.neuron.2005.09.008
th -
S?LNUCRY «/ iS¥ A G Protein-Coupled Receptor, Report
LN, £ groom-of-PDF, Is Required for PDF
= ;,,.;:..‘:-;_; S Neuron Action in Circadian Behavior
S-LN\I" C RY + - _ 1; Neuron, Vol. 48, 213-219, October 20, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.neuron.2005.09.009
{‘ﬁ?‘ ook
AN [ PDF Receptor Signaling in Drosophila Report
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Taishi Yoshii et al, 2009



DN1s contact the diuretic hormone 44 (DH44)+ neurons
In the Pars Intercerebralis (PI)

Clock Cells Pl Cells Rhythmic Behavior
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DH44 contact Hugin neuron which Is necessary for

locomotor activity rhythms
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An s-LNvs —-DN1—DH44 Pl—-Hugin SEZ—VNC
circuit links the clock to motor output
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Locomotor activity rhythms



>

&=
n

LD

DD

Regulation of feeding behavior

- i W e

"

Relative absorbance

=
n

=

Relative absorbance

—
e His 74 v TR "
—_— JAS- LK+
UAS-dnCLK: VRI & . . 59
2 N 64 - = === UAS-dnCLK/f0-Gal4
g HISPTO  cmm————————
g e
£ 15 1 z
5 « é‘ ZT 02 08 14 21 02 08 14 21
E 4
B z 2 ik
i z .| WT Clk
= kD
] 3
-4 24
0.5 — —— o —
c TIM ot
14
T T T T T T 0 T T T T T T HSPT0 S S Sl S S S S
7T0-2 7T4-6 ZT8-10 ZTI2-14  ZTI618 ZT20-22 102 CTa-6 CT810  CTI2-14 CTIe-18  CT20-22 0
c dia rau ZT4 yary T2 raitg 20
. ! “ircadian ti
Zeitgeber time ircadian fime Zeitgeber time CT 02 08 14 21 02 08 14 21
; ik
WT Clk'”
D
2 st
1.8 1
16 1 9 &
5 25
E 14 A ”; A — UAS-dNCLK S
3 ; o
£ J === == UAS-dnCLK/to-Gald . UAS-aCLK/
o ¥ 16 P X emmaa UAS-dnCLK/Or83b-Gald
E H] g
S g™ % W s H AN
H s 121 o }"'_ £1s1
F 08 7 2 y H
= s 1 =
= 4 ¥ I
0.6 Z 08 z
= Z
04 1 2 06 P 3
= ~ -
02 0.4 + Zos
02
0 T T T T T T 2 0
Z10-2 ZT4-6 ZT8-10 FTZN 77618 712022 cro-2 CT4-6 CTs-10  CTi2-14  CTi6-18  CT20-22 cTo-2 CT4+6  CT%10  CT12-14 CTI618  CTR20-22 2 CT4-6  CT810 CTI2-14  CTI6-18  CT20-22
Zeitgeber time Circadian time Circadian time Circadian time

to-Gal4 >UAS-dnCLK Or83b-Gal4 >UAS-dnCLK

. . , , _ _ Xu K et al, 2008
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that is regulated by clocks in digestive/metabolic tissues



Circadian rhythms in olfactory responses
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EAG : electroantennogram responses to odorants
Detection of predators ?

Opportunistic feeding ?

Time of day needs to be carefully considered in the
design and interpretation of experiments on olfactory
learning.
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Central to peripheral connectivity
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Circadian neurons drive rhythmic behaviors
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Questions & Perspectives
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