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Abstract	

	

The	circadian	clock	is	the	endogenous	pacemaker	that	controls	daily	rhythms	in	behaviour	and	

physiology,	and	it	is	driven	by	the	auto-regulated	transcription-translation	feedback	loops	

of	clock	genes.	The	molecular	mechanism	can	be	found	in	almost	every	cell,	which	largely	

constitutes	the	peripheral	oscillators	aside	from	the	specialized	central	clock	in	the	brain.	

Development	is	the	series	of	changes	that	organisms	undergo	in	their	passage	from	the	

embryonic	 state	 to	 maturity.	Aging	 is	 the	 process	 of	 time-related	 deterioration	 of	 the	

physiological	 functions	 necessary	 for	 survival.	We	 hypothesize	 that	 the	 circadian	 clock	

develops,	matures	and	ages	in	alignment	with	the	changes	of	the	whole	body	throughout	

lifespan,	in	a	systemic,	interactive,	and	hierarchical	manner.		

	

By	using	Drosophila	melanogaster	as	the	animal	model,	we	aimed	to	study	when	the	molecular	

circadian	clock	and	 its	 light	sensitivity	develop,	how	the	aged	clock	changes	 intrinsically	

under	constant	conditions	as	well	as	under	cyclic	entrainment,	and	how	the	clock	reacts	

immediately	 preceding	 death.	 Transgenic	 luciferase-reporter	 fruit	 flies	 were	 used	 to	

measure	the	real-time	expression	of	two	key	clock	genes	period	and	timeless	in	vivo.	We	

found	that	first,	PERIOD	expression	in	the	presumptive	central	clock	dorsal	neurons	started	

to	oscillate	 in	the	embryos,	while	PERIOD	in	the	peripheral	tissues	 increased	during	the	

embryonic	 stage	 but	 only	 started	 to	 oscillate	 in	 the	 adult	 stage.	 Secondly,	 PERIOD	

expression	in	the	central	clock	neurons	stayed	robust	in	aged	fruit	flies,	however,	rhythms	

of	PERIOD	and	TIMELESS	in	the	peripheral	tissues	throughout	the	body	showed	reduction	
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in	 both	 expression	 level	 and	 rhythmicity.	 Thirdly,	 in	 the	 days	 prior	 to	 death	 TIMELESS	

expression	increased	and	lost	circadian	rhythmicity.	

	

These	findings	prove	that	the	central	clock	is	already	functional	during	embryogenesis,	while	

the	 peripheral	 clocks	 develop	 later,	 maturing	 only	 after	 eclosion	 when	 cyclic	 and	

synchronized	expression	of	PERIOD	throughout	the	animal	commences.	Significantly,	we	

reveal	that	cyclic	clock	gene	expression,	presumably	in	precursors	of	dorsal	clock	neurons	

occurs	 during	 the	 embryonic	 stage,	 which	 is	 earlier	 than	 previously	 thought.	 Equally	

important,	when	the	animals	grow	old,	the	aged	molecular	clock	still	functions	well	at	the	

central	level	but	declines	gradually	at	the	peripheral	level.	It	indicates	that	the	peripheral	

clocks	 are	more	 seriously	 damaged	under	 aging	 that	 they	 should	 be	 considered	 as	 the	

potential	target	for	further	exploration	and	possible	intervention.	Furthermore,	we	report	

a	novel	marker	of	imminent	death	in	the	expression	of	the	clock	gene	TIMELESS.	It	 is	of	

importance	 that	 this	marker	 in	 the	 expression	 of	 TIMELESS	 is	 not	 age	 dependent	 and	

predicts	death	equally	well	in	fruit	flies	of	different	ages	and	under	different	circumstances.		

	

Here	we	show	a	dynamic	network	system	of	the	circadian	clock	changing	throughout	lifespan,	

spatially	from	the	centre	to	the	periphery	and	temporally	from	the	birth	to	the	death.	In	

summary,	the	circadian	clock	develops	gradually	during	early	stages,	declines	with	age	and	

breaks	down	days	before	death,	 showing	distinguishing	 characteristics	between	central	

and	peripheral	oscillators.  
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1.1	Summary		

	

Circadian	rhythmicity	is	the	natural	signature	of	lives	residing	on	Earth,	respecting	the	rule	

of	 24-hour	 light-dark	 cycles	 according	 to	 the	 Earth’s	 rotation.	 It	 occurs	 as	 periodic	

oscillations	 at	 different	 levels	 of	 organization	 from	 genes	 to	 systems.	 This	 allows	

physiological	 activities	 to	 anticipate	 and	 adjust	 to	 endogenous	 and	 environmental	

demands	in	a	timely	manner.	The	ruler	of	such	a	timing	system	is	the	circadian	clock,	

which	is	pervasive	in	most	types	of	cells	and	conserved	among	various	organisms.	The	

circadian	clock	is	the	endogenous	pacemaker	that	generates	the	~24-hour	daily	output	

rhythms	 in	 behaviour,	 physiology,	 metabolism	 and	 cellular	 processes.	 Phenomena	

controlled	 by	 these	 intrinsic	mechanisms	 not	 only	 synchronize	with	 environmental	

rhythms	 (entrainment)	 but	 also	 persist	 under	 constant	 conditions	 (free-running).	

Studies	on	Drosophila	melanogaster	as	well	as	mammals,	as	the	classic	representatives	

of	both	invertebrates	and	vertebrates,	are	both	introduced.	

	

A	 functional	 circadian	 system	 requires	 three	 basic	 components,	 including	 1)	 the	

endogenous	 circadian	 oscillator,	 comprising	 a	 number	 of	 clock	 genes	 that	 regulate	

their	own	expression,	2)	the	input	pathway	in	which	environmental	information	such	

as	 light	 is	 transmitted	 to	 and	 entrains	 the	 circadian	 oscillator,	 and	 3)	 the	 output	

pathway	which	is	the	downstream	manifestation	of	timed	behaviour	and	physiology	

(Figure	1-1).	The	auto-regulated	transcription-translation	feedback	loops	of	core	clock	

genes	 are	 the	 main	 driving	 force	 of	 the	 circadian	 clock.	 The	 cell-autonomous	
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characteristic	makes	 almost	 every	 cell	 endowed	with	 a	 ticking	 clock,	 which	 largely	

comprises	the	peripheral	tissues	excluding	the	specialized	central	structure.	It	 is	the	

central	pacemaker,	together	with	the	coordinated	peripheral	clocks	that	form	a	well-

organized	system	which	is	important	for	daily	function	and	health.	The	circadian	clock	

is	 therefore	 never	 an	 isolated	 system	 but	 instead	 within	 the	 integrated	 web	 of	

numerous	biological	processes.		

	

This	thesis	records	the	journey	of	studying	the	profound	world	of	the	circadian	clock	and	

its	 organization	 composed	of	 different	 parts.	 The	 aim	 is	 to	 explore	 some	unknown	

areas	such	as	how	these	components	change	specifically	at	particular	age	throughout	

lifespan.	The	understanding	of	the	basic	knowledge	of	the	circadian	clock	described	

here	is	paving	the	way	for	a	thorough	insight	of	the	following	chapters.	The	last	section	

illustrates	the	goals	and	structure	of	the	thesis	for	better	guidance	of	reading.		

	

	

	

	 	



Central Clock

Peripheral Clocks

Molecular Clockwork

Output PathwayInput Pathway

Entrainment Rhythms

Figure 1-1. An Overview of the Circadian System 

• The Central Clock and the Peripheral Clocks

• The Circadian Clock and its Ticking Mechanism

• The Circadian Clock and its Entrainment

• The Circadian Clock and its Output Rhythms
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The endogenous circadian oscillator with its clock genes, the input pathway that transmits

entrainment information, and the output rhythms comprise a functional circadian system, which

can be divided into the central pacemaker and peripheral clocks. All these components of the

circadian clock are introduced in corresponding sections of Chapter One.
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1.2	The	Central	Clock	and	the	Peripheral	Clocks		

	

In	multicellular	organisms,	the	generation	and/or	maintenance	of	circadian	rhythmicity	is	

located	 in	 specialized	 tissues,	 which	 are	 referred	 to	 as	 the	 central	 clock.	 In	 the	

Drosophila	adult	brain,	 the	central	 circadian	clock	 is	 composed	of	approximate	150	

pacemaker	neurons,	which	are	divided	into	multiple	clusters	based	on	their	location,	

size,	neuropeptide	expression	and	 function	 (Figure	1-2).	These	are	12	dorsal	 lateral	

neurons	 (LNd),	eight	pigment	dispersing	 factor	 (PDF)-expressing	 large	ventral	 lateral	

neurons	 (l-LNv),	 six	 lateral	posterior	neurons	 (LPN),	eight	PDF-positive	 small	 ventral	

lateral	neurons	 (s-LNv),	 two	PDF-negative	 s-LNv,	 and	 four	 anterior	dorsal	neurons	1	

(DN1a),	28	posterior	dorsal	neurons	1	(DN1p),	four	dorsal	neurons	2	(DN2),	and	80	dorsal	

neurons	3	(DN3)	[Helfrich-Förster,	2005;	Peschel	and	Helfrich-Förster,	2011;	Liu	et	al.,	

2015].		

	

It	has	been	suggested	that	different	clusters	of	clock	neurons	work	 in	different	roles	to	

control	 behavioural	 output	 rhythms.	 On	 one	 hand,	 the	 dorsal	 neurons	 (DN)	 are	

believed	to	be	responsible	for	controlling	the	crepuscular	activity	patterns	under	light-

dark	(LD)	conditions	in	the	laboratory	[Veleri	et	al.,	2003;	Helfrich-Förster	et	al.,	2007].	

On	the	other	hand,	the	ventral	 lateral	neurons	(LNv)	have	been	reported	to	play	an	

essential	 role	 in	maintaining	 rhythmic	 locomotor	activity	under	constant	 conditions	

[Veleri	et	al.,	2003;	Helfrich-Förster	et	al.,	2007].	It	has	also	been	proposed	that	the	

central	network	is	organized	into	two	coupled	oscillators,	the	PDF-expressing	LNv	that	
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control	the	morning	peak	of	activity	and	the	remaining	LNv	that	control	the	evening	

peak	of	activity	 [Grima	et	al.,	 2004;	Stoleru	et	al.,	 2004].	This	dual-oscillator	model	

predicts	that	the	PDF-positive	neurons	serve	as	master	pacemakers	that	regulate	the	

PDF-negative	neurons	[Stoleru	et	al.,	2005].		

	

Nonetheless,	the	label	of	the	LNv	as	the	principal	circadian	pacemakers	that	are	necessary	

and	sufficient	for	the	generation	of	daily	activity	[Renn	et	al.,	1999]	has	been	removed	

by	recent	studies.	They	reveal	that	the	circadian	neuronal	network	is	not	orchestrated	

by	a	small	group	of	master	pacemakers,	instead,	it	consists	of	multiple	independent	

oscillators,	each	is	capable	of	generating	bouts	of	activity.	Coordinated	free-running	

rhythms	require	the	participation	and	interaction	of	all	groups	of	clock	neurons,	which	

display	unique	and	complex	coupling	relationships	largely	via	PDF	signalling	[Dissel	et	

al.,	 2014;	 Yao	 and	 Shafer,	 2014;	 Yao	 et	 al.,	 2016].	 LNv,	 and	 specifically	 the	 PDF	

neuropeptide	that	they	synthesize,	are	indeed	important	in	coordinating	a	circadian	

cellular	network	within	the	brain,	but	themselves	alone	are	insufficient	to	support	the	

entire	circadian	program	[Peng	et	al.,	2003].		

	 	



Figure 1-2. The Central Clock Neurons and Peripheral Tissues in Drosophila

Approximate 150 pacemaker neurons localised in Drosophila brain are specified as the central

clock (upper panel), including dorsal neurons (DN1, DN2, and DN3), lateral posterior neurons (LPN),

dorsal lateral neurons (LNd), large ventral lateral neurons (l-LNv), and small ventral lateral neurons

(s-LNv), shown as dots in corresponding colour. Apart from that, circadian oscillators throughout

the body (including non-central-clock neurons in the brain) are under the category of peripheral

clocks (lower panel). [Images drawn by Jia Zhao, 2018]

Central Clock Neurons

Peripheral Tissues

Brain

Head
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The	central	clock	in	mammals	is	the	suprachiasmatic	nucleus	(SCN),	which	is	composed	of	

roughly	20,000	neurons,	situated	in	the	hypothalamus	directly	above	the	optic	chiasm	

[Cornélissen	and	Otsuka,	2017].	It	all	started	in	1972,	when	a	lesion	study	identified	a	

single	tissue,	the	SCN	as	necessary	for	controlling	circadian	physiology	and	behaviour	

[Stephan	and	Zucker,	1972].	Further,	permanently	disrupted	circadian	rhythms	from	

SCN-lesioned	animals	are	restored	by	implantation	of	foetal	SCN	[Lehman	et	al.,	1987].	

Moreover,	 graft	 studies	 using	mutant	 hamster	 strains	 with	 short	 circadian	 periods	

demonstrate	 that	 the	 circadian	 rhythmicity	 is	 determined	 by	 the	 genotype	 of	 the	

transplant	SCN	rather	than	the	host,	further	establishing	the	primacy	of	the	SCN	in	the	

circadian	organization	[Ralph	et	al.,	1990].		

	

The	mechanism	of	the	circadian	clock	 is	cell-autonomous	which	 indicates	that	the	basic	

unit	of	circadian	timekeeping	is	the	cell.	It	is	not	surprising	that	aside	from	the	ticking	

machinery	at	the	central	level,	the	circadian	clock	has	been	found	to	be	ubiquitously	

conserved	in	nearly	all	cells	of	the	body	[Brown	and	Azzi,	2013].	It	is	also	highly	possible	

that	 the	 circadian	 oscillators	 within	 individual	 cells	 can	 respond	 differently	 to	

entraining	signals,	control	different	physiological	outputs,	and	interact	with	each	other	

and	 within	 the	 system	 as	 a	 whole.	 These	 individual	 cells,	 and/or	 the	 functional	

tissues/organs	they	comprise,	are	the	origin	of	peripheral	oscillators.		

	

Peripheral	clocks	in	Drosophila	are	all	tissues	showing	circadian	property	exclusive	of	the	

central	pacemaker	neurons	(Figure	1-2).	 It	has	been	shown	that	different	fly	tissues	

display	 rhythmic	 bioluminescence	 signals	 of	 clock	 gene	 expression	 in	 luciferase-
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reporter	 lines,	 suggesting	 that	 autonomous	 circadian	 oscillators	 are	 present	

throughout	the	body	[Plautz	et	al.,	1997].	Likewise,	peripheral	clocks	in	mammals	are	

all	circadian	cells/tissues/organs	except	for	the	SCN,	including	various	non-SCN	brain	

regions	 (such	as	 the	hypothalamus,	 forebrain,	 olfactory	bulb	 and	pineal	 gland)	 and	

non-neuronal	structures	(such	as	the	liver,	kidney,	muscle,	adipose	tissue	and	blood	

cells	[O’Neill	and	Reddy,	2011])	[Cermakian	and	Boivin,	2009].				

	

One	 of	 the	 most	 distinctive	 characteristics	 of	 the	 central	 clock	 is	 its	 ability	 to	 run	

independently,	 even	 without	 entraining	 signals,	 making	 it	 self-sustaining.	Whereas	

peripheral	 clocks	 are	 oscillators	 that	 require	 internal	 or	 external	 signals	 (including	

signal	from	the	central	clock)	to	synchronize	thus	to	sustain	their	circadian	rhythms	

[Balsalobre,	 2002].	Under	 this	 circumstance,	 the	 rapid	 dampening	 of	 oscillations	 in	

peripheral	clocks	in	constant	conditions	has	been	reported	in	Drosophila	[Plautz	et	al.,	

1997;	 Peng	 et	 al.,	 2003].	 Similarly,	 clock	 gene	 expression	 dampens	 in	 mammalian	

peripheral	tissues	(such	as	the	liver,	spleen,	kidney,	heart	and	lung)	in	vitro	within	days,	

but	sustains	 in	the	SCN	explants	 for	weeks	or	even	years	 in	constant	darkness	 (DD)	

[Yamazaki	et	al.,	2000].		

	

The	difference	on	sustainability	of	clock	gene	oscillations	in	constant	conditions	between	

the	central	and	peripheral	tissues	illustrates	a	more	fundamental	dissimilarity	on	their	

network	structure.	The	reason	underlying	the	dampening	of	peripheral	signals	is	a	loss	

of	synchrony	among	individual	cells	and	thus	the	decline	of	the	ensemble	rhythm	at	

the	 population	 level	 [Welsh	 et	 al.,	 2004],	 rather	 than	 a	 weakening	 of	 circadian	
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rhythmicity	 at	 the	 cellular	 level.	 It	 is	 supported	 by	 the	 finding	 that	 fibroblasts	

(individual	peripheral	cells)	show	persistent	oscillations	in	culture	that	even	exceed	the	

robustness	of	individual	SCN	neurons	[Welsh	et	al.,	2004].	As	consequence,	the	unique	

tight-coupling	system	that	interconnects	the	central	clock	neurons	is	a	primary	feature	

of	the	central	pacemaker	role	and	distinguishes	it	from	peripheral	tissues.	On	the	other	

side	of	the	coin,	the	loose-coupling	of	cells	within	the	peripheral	network	answers	for	

its	tendency	of	desynchronization	[Brown	and	Azzi,	2013].		

	

Speaking	of	 the	 relationship	between	 the	peripheral	and	central	oscillators,	 it	 is	always	

more	 than	 a	 simple	 story.	 Due	 to	 their	 heterogeneous	 nature,	 the	 oscillatory	

machinery	and	entrainment	mechanism	of	peripheral	clocks	vary	between	different	

tissues	and	organs	in	Drosophila	[Ito	and	Tomioka,	2016],	leading	to	the	diversity	of	

their	relationship	to	the	central	clock.	Peripheral	oscillators	in	fruit	flies	can	respond	

directly	 to	 the	same	entrainment	cues	 that	set	 the	phase	of	 the	central	pacemaker	

neurons	in	the	brain	via	light-	and	temperature-sensitive	intracellular	pathways	[Allada	

and	Chung,	2010].	In	this	case,	some	peripheral	tissues	are	independent	of	the	central	

clock,	 such	 as	 the	Malpighian	 tubules	 (MT)	 [Giebultowicz	 and	Hege,	 1997]	 and	 the	

antenna	[Krishnan	et	al.,	1999;	Tanoue	et	al.,	2004].	For	example,	the	peripheral	clock	

in	MT	is	cell-autonomous	and	able	to	be	entrained	to	environmental	light	without	any	

cues	from	the	central	clock	[Hege	et	al.,	1997].	In	addition,	the	original	phase	of	MT	is	

maintained	in	DD	even	when	it	 is	transplanted	into	the	abdomen	of	flies	previously	

entrained	to	antiphase	LD	cycles	[Giebultowicz	et	al.,	2000].	
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Some	peripheral	oscillators	are	driven	by	the	central	clock,	similar	to	those	in	mammals,	

such	 as	 prothoracic	 gland	 (PG).	 Mechanism	 that	 couples	 the	 central	 clock	 to	 PG	

underlies	 the	 circadian	 control	 of	 adult	 emergence,	 when	 central	 clock	 exerts	 a	

dominant	 role	 on	 the	 peripheral	 clock	 through	 PDF	 signalling	 [Myers	 et	 al.,	 2003;	

Selcho	et	al.,	2017].	Similarly,	the	central	clock	sends	out	PDF	to	remotely	control	the	

clock	in	oenocyte	to	regulate	reproductive	behaviour	[Krupp	et	al.,	2008;	Krupp	et	al.,	

2013].	Moreover,	a	more	complex	relationship	has	been	recently	reported	in	the	fat	

body,	where	 the	cycling	of	some	genes	depends	on	the	 local	clock	whereas	 that	of	

other	genes	occurs	 in	response	to	central	brain	signals	[Xu	et	al.,	2008;	Erion	et	al.,	

2016].		

	

In	mammals,	the	SCN	does	not	generate	the	peripheral	rhythms,	rather,	it	is	a	coordinator	

and	synchronizer	at	the	head	of	a	distributed	organization	of	individual	clocks.	Many	

of	 the	 fundamental	 properties	 of	 circadian	 oscillations	 in	 peripheral	 clocks	 in	 vivo	

[Tahara	et	al.,	2012]	and	in	vitro	[Izumo	et	al.,	2014]	are	maintained	in	the	absence	of	

SCN	function.	However,	in	a	well-organized	circadian	system,	a	central	regulation	of	

peripheral	oscillators	from	the	SCN	is	still	crucial.	Naturally,	an	“orchestra”	model	has	

been	 introduced	 to	 describe	 a	 balanced	 relationship	 between	 the	 central	 and	

peripheral	clocks	[Oster	et	al.,	2002].	In	this	model,	the	central	clock	SCN	behaves	as	a	

conductor,	with	each	peripheral	clock	acts	as	individual	members	who	have	the	ability	

to	 play	 their	 own	 rhythms.	 Harmony	 is	 only	 possible	 under	 the	 guidance	 of	 the	

conductor	and	the	coordination	of	the	team.	In	a	word,	although	peripheral	clocks	can	
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adapt	 to	 their	 own	 external	 signals	 at	 particular	 conditions,	 they	 are	 dominantly	

regulated	by	the	central	clock	[Richards	and	Gumz,	2012].	
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1.3	The	Circadian	Clock	and	its	Ticking	Mechanism	

	

The	molecular	mechanism	of	the	circadian	clock	is	composed	of	a	set	of	specialized	genes,	

named	 clock	 genes,	 which	 are	 required	 for	 the	 running	 of	 the	 clock.	 It	 is	 widely	

accepted	that	the	clock	is	driven	by	the	transcription-translation	feedback	loops	of	the	

expression	 of	 these	 clock	 genes.	 In	 Drosophila,	 the	 clock	 genes	 period	 (per)	 and	

timeless	(tim)	are	thought	to	be	key	and	necessary	players	of	the	molecular	oscillator,	

given	the	fact	that	per-null	and	tim-null	mutants	each	abolishes	clock	function	[Sehgal	

et	al.,	1996;	Stanewsky	et	al.,	2002;	Veleri	et	al.,	2003].		

	

Aside	from	per	and	tim,	other	clock	genes	and	accessory	genes	are	also	 involved	 in	the	

mechanism	of	the	auto-regulated	feedback	loops	in	Drosophila,	the	theory	has	become	

more	and	more	clear	attributed	to	previous	studies	 [Hardin	et	al.,	1990;	Zerr	et	al.,	

1990;	Edery	et	al.,	1994;	Sehgal	et	al.,	1995;	Hunter-Ensor	et	al.,	1996;	Myers	et	al.,	

1996;	Zeng	et	al.,	1996;	Hao	et	al.,	1997;	Allada	et	al.,	1998;	Darlington	et	al.,	1998;	

Kloss	et	al.,	1998;	Price	et	al.,	1998;	Lee	et	al.,	1999;	Kloss	et	al.,	2001;	McDonald	et	al.,	

2001;	Wang	et	al.,	2001;	Shafer	et	al.,	2002;	Ashmore	et	al.,	2003;	Nawathean	and	

Rosbash,	2004;	Kim	and	Edery,	2006;	Yu	et	al.,	2006]	and	reviews	[Hardin,	2005;	Hardin,	

2006;	Hardin	and	Panda,	2013;	Yu	and	Hardin,	2006].	The	first	core	feedback	loop	is	a	

negatively-regulated	 one	 composed	mainly	 of	 gene	per	 and	 tim,	 their	 translational	

products	PERIOD	(PER)	and	TIMELESS	(TIM)	in	cytoplasm	form	a	heterodimer	which	

enters	the	nucleus	to	inhibit	the	transcription	of	per	and	tim	themselves.	The	second	



Introduction	of	the	Circadian	Clock	
	
	

	

	 16	

core	feedback	loop	is	a	positively-regulated	one	composed	mainly	of	the	gene	clock	

(clk)	 and	 cycle	 (cyc),	 whose	 corresponding	 proteins	 CLOCK	 (CLK)	 and	 CYCLE	 (CYC)	

heterodimerize	 in	 the	nucleus	and	 then	 facilitate	 transcription	of	other	clock	genes	

such	as	per	and	tim	by	recognizing	their	specialized	promoter	regions	known	as	the	E-

box.		

	

These	 two	 feedback	 loops	 work	 closely	 together	 in	 an	 antiphase	 manner	 to	 generate	

circadian	rhythms,	and	the	details	have	been	reviewed	in	other	papers	[e.g.	Yu	and	

Hardin,	2006].	Within	a	24-hour	LD	cycle	(Figure	1-3),	transcription	of	per	and	tim	 is	

initiated	 around	 midday,	 when	 CLK-CYC	 heterodimer	 acts	 as	 the	 key	 activator	

[Darlington	et	al.,	1998;	Hao	et	al.,	1997;	McDonald	et	al.,	2001;	Wang	et	al.,	2001].	

Subsequently,	per	and	tim	mRNA	levels	accumulate	and	reach	peak	values	in	the	early	

evening.	Accordingly,	in	the	cytoplasm,	PER	and	TIM	protein	levels	continue	to	rise	and	

reach	their	maximum	levels	in	the	middle	of	the	night,	delayed	by	several	hours	of	the	

peak	level	of	per	and	tim	mRNA	[Edery	et	al.,	1994;	Hardin	et	al.,	1990;	Hunter-Ensor	

et	al.,	1996;	Myers	et	al.,	1996;	Sehgal	et	al.,	1995;	Zeng	et	al.,	1996;	Zerr	et	al.,	1990].	

Accumulation	 of	 PER	 and	 TIM	 only	 happens	 after	 dark	 because	 the	 indirect	 light-

sensitivity	of	TIM	(refer	to	Section	1.4).	PER	is	phosphorylated	by	DOUBLE-TIME	(DBT)	

kinase	 and,	 without	 TIM,	 is	 targeted	 for	 degradation.	 Thus,	 both	 proteins	 are	

progressively	phosphorylated,	leading	to	their	degradation	when	light	is	present.	After	

sundown,	TIM	is	able	to	accumulate	in	the	dark	and	form	a	complex	with	PER	and	DBT,	

giving	the	possibility	of	PER’s	stabilization	[Kloss	et	al.,	1998;	Nawathean	and	Rosbash,	

2004;	 Price	 et	 al.,	 1998].	 As	 DBT-PER-TIM	 accumulates,	 phosphorylation	 of	 TIM	 is	
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believed	 to	 be	 a	 crucial	 step	 that	 triggers	 the	 entry	 of	 DBT,	 PER	 and	 TIM	 into	 the	

nucleus,	where	they	inhibit	the	function	of	their	transcriptional	activators,	the	CLK-CYC	

complex	[Ashmore	et	al.,	2003;	Kloss	et	al.,	2001;	Shafer	et	al.,	2002].	By	removing	CLK-

CYC	from	E-boxes	and	promoting	DBT-dependent	hyper-phosphorylation	of	CLK,	per	

and	tim	repress	transcription	of	their	own	as	well	as	other	genes	[Kim	and	Edery,	2006;	

Nawathean	 and	 Rosbash,	 2004;	 Yu	 et	 al.,	 2006].	 At	 dawn,	 a	 light-induced	

conformational	change	in	CRYPTOCHROME	(CRY)	promotes	the	formation	of	CRY-TIM	

complexes,	leading	to	TIM	degradation	and	CRY	destabilization	[Ashmore	and	Sehgal,	

2003].	 Promoted	 by	 DBT-dependent	 phosphorylation,	 PER	 and	 CLK	 are	 also	 under	

degradation	during	the	early	morning.	PER	thus	gradually	falls	to	its	lowest	levels	by	

the	middle	of	the	day,	however,	CLK	levels	remain	relatively	constant	because	hypo-

phosphorylated	 CLK	 is	 generated	 by	 new	 CLK	 synthesis,	 or	 de-phosphorylation	 of	

hyper-phosphorylated	CLK	[Kim	and	Edery,	2006;	Yu	et	al.,	2006].	Back	to	the	beginning,	

the	 degradation	 of	 PER	 and	 TIM	 relieves	 transcriptional	 inhibition,	 hypo-

phosphorylated	 CLK	 forms	 a	 heterodimer	 with	 CYC	 and	 binds	 to	 E-boxes,	 thereby	

initiates	a	new	cycle	of	per	and	tim	transcription.		

	

The	circadian	timekeeping	mechanism	is	conserved	in	mammals	as	in	Drosophila	[Hardin	

and	 Panda,	 2013].	 A	 pair	 of	 transcriptional	 factors	 CLOCK	 and	 BMAL1	 form	

heterodimer	to	activate	transcription	of	genes	encoding	their	repressors,	PERIOD	1-3	

(PERs)	 and	 CRYPTOCHROME	 1-2	 (CRYs).	 Complexes	 of	 PER-CRY	 accumulate	 in	 the	

cytoplasm	and	move	into	the	nucleus,	binding	to	and	inactivating	the	CLOCK-BMAL1	

to	repress	their	own	transcription.	PERs	and	CRYs	are	then	degraded,	which	permits	
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the	activators	 to	start	 the	next	cycle	of	 transcription.	Similar	 to	Drosophila,	CLOCK-

BMAL1	 also	 activate	 a	 second	 interlocked	 feedback	 loop	 that	 controls	 rhythmic	

expression	of	activator	genes	which	are	transcribed	in	the	opposite	circadian	phase	as	

repressor	genes.	
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Figure 1-3. Transcription-translation Feedback Loops of Clock Genes in Drosophila

Starting from mid-day (top-right) and continuing clockwise until dawn (top-left), transcription of

per and tim is initiated, their proteins PER and TIM rise and reach peak levels after sundown, then

enter into the nucleus, where they repress transcription of their own. PER and TIM are then

degraded after dawn, which relieves transcriptional inhibition, thereby staring another cycle of

transcription-translation. per/PER: period/PERIOD, tim/TIM: timeless/TIMELESS, CLK: CLOCK, CYC:

CYCLE, CRY: CRYPTOCHROME, DBT: DOUBLE-TIME, P: phosphorylation. [Modified from Yu and

Hardin, 2006]
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The	molecular	mechanisms	that	generate	circadian	oscillations	are	likely	to	be	similar	but	

not	identical	in	the	central	pacemaker	and	in	the	peripheral	tissues	[Balsalobre,	2002].	

Analysis	of	individual	clock	protein	deficiency	shows	clearly	that	the	broad	outline	of	

clock	mechanism	 is	 the	 same	 between	 the	 central	 and	 peripheral	 clocks,	 including	

feedback	 loops	 of	 transcription,	 translation,	 and	 post-translational	 modification	

[Yagita	et	al.,	2001].	However,	it	is	also	evident	that	the	cell-autonomous	clocks	ticking	

in	each	tissue	have	their	own	complement	of	core	and	associated	clock	genes	that	may	

differ	 in	 abundance	or	 function.	 These	 subtle	 variations	 are	believed	 to	be	directly	

involved	 in	 the	 downstream	 timekeeping	 events,	 leading	 to	 pronounced	 tissue	

specificity	 in	 clock-controlled	 genes	 and	 therefore	 the	 output	 physiology	 that	 they	

direct	[Brown	and	Azzi,	2013].		

	

By	way	of	example,	the	photoreceptor	CRY	in	Drosophila	contributes	to	oscillator	function	

in	the	peripheral	tissues	but	not	in	the	central	clock	[Krishnan	et	al.,	2001].	Further,	

comparison	of	rhythmically	expressed	genes	in	head	and	body	reveals	tissue-specific	

control	of	circadian	output	functions	[Ceriani	et	al.,	2002].	For	some	cases,	different	

homologs	of	certain	clock	genes	seem	to	play	important	roles	in	clock	mechanism	in	

some	 tissues	but	 is	 redundant	 in	others.	One	example	 is	 the	mammalian	Per3,	 the	

deletion	of	which	has	only	small	impact	on	the	central	clock	mechanism	[Shearman	et	

al.,	2000],	yet	shows	a	pronounced	effect	in	specific	tissues	like	the	pituitary,	liver	and	

aorta	[Pendergast	et	al.,	2012].	Another	example	is	that	mammalian	CLOCK	depletion	

abolishes	 circadian	 rhythm	 generation	 in	 peripheral	 organ	 slices	 [DeBruyne	 et	 al.,	

2007],	but	not	in	cultured	SCN	slices.	In	addition,	the	observation	of	different	circadian	
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phases	[Yamazaki	et	al.,	2000;	Yoo	et	al.,	2004]	as	well	as	different	free-running	periods	

[Pendergast	et	al.,	2012]	of	clock	machinery	in	peripheral	tissue	explants	[Yamazaki	et	

al.,	2000;	Yoo	et	al.,	2004]	also	support	the	existence	of	tissue-specific	diversity	of	clock	

mechanism.		 	
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1.4	The	Circadian	Clock	and	its	Entrainment	

	

The	 circadian	 clock	 is	 endogenous	but	 it	 has	 also	evolved	 sophisticated	mechanisms	 to	

react	to	environment	stimuli.	External	factors	such	as	 light,	temperature,	and	social	

cues,	are	so	called	Zeitgebers	which	can	entrain	the	circadian	clock	to	its	environmental	

rhythms	[Peschel	and	Helfrich-Förster,	2011].		

	

Light	is	an	important	and	powerful	Zeitgeber	that	it	can	synchronize	circadian	clocks	with	

the	24-hour	rotation	of	the	Earth.	Light	sensitivity	is	implicated	as	a	characteristic	of	a	

fully	 functional	 clock	 that	 can	 receive	 stimuli	 from	 the	 environment,	 transmit	 this	

information	to	the	oscillator,	then	control	downstream	output	[Plautz	et	al.,	1997].	A	

short	light	pulse	in	the	late	night	mimics	premature	dawn,	causing	a	phase	advance,	

while	a	short	light	pulse	in	the	early	night	causes	a	phase	delay,	for	it	mimics	delayed	

dusk	[Shang	et	al.,	2008].		

	

Adult	Drosophila	have	at	least	three	photoreceptive	organs	for	light	receiving	and	signal	

transduction	to	the	central	clock	neurons,	including	the	compound	eyes,	the	ocelli	and	

the	Hofbauer-Buchner	(HB)	eyelets,	with	Rhodopsins	expressed	[Chang,	2006;	Peschel	

and	 Helfrich-Förster,	 2011].	 The	 compound	 eyes	 are	 the	 largest	 photoreceptive	

structure	and	are	thought	to	be	the	most	important	to	light	entrainment	[Yoshii	et	al.,	

2015].	 Both	 humoral	 signals	 such	 as	 histamine	 and/or	 direct	 nervous	 connection	

between	 the	 visual	 organs	 and	 clock	 neurons	 are	 believed	 to	 be	 involved	 in	 the	
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transmission	of	photic	information.	In	fact,	our	understanding	on	the	pathways	that	

light	reaches	the	central	clock	neurons	and	their	consequent	molecular	reaction	has	

been	extending.	TIM	protein	has	been	found	to	be	important	in	this	pathway	and	then	

CRY	 protein	 is	 introduced	 to	 make	 the	 story	 more	 complete.	 Light-dependent	

degradation	of	TIM	is	the	very	response	to	daily	or	seasonal	light	changes,	leading	to	

phase	shifts	in	the	molecular	and	behavioural	rhythms.	It	also	explains	why	a	fly	acts	

arrhythmically	 in	 constant	 bright-light	 conditions	 resulting	 from	 the	 lack	 of	 TIM.	

However,	TIM	itself	is	not	directly	responsive	to	light,	it	is	CRY	which	acts	as	a	circadian	

photoreceptor	[Ivanchenko	et	al.,	2001].	CRY	is	a	blue-light	photo-pigment	expressed	

in	a	subsets	of	clock	neurons	and	the	compound	eyes,	which	can	directly	interact	with	

TIM	to	reset	the	molecular	clock.	Light-activated	CRY	binds	to	TIM	and	TIM	degradation	

is	thus	triggered	[Peschel	and	Helfrich-Förster,	2011].	Moreover,	TIM	oscillations	can	

also	be	synchronized	via	CRY-independent	Rhodopsin	photo-transduction,	as	well	as	

more	novel	transduction	pathways	that	have	been	recently	uncovered	[Ogueta	et	al.,	

2018].	 Aside	 from	 TIM	 and	 CRY,	 PDF	 has	 been	 found	 to	 be	 essential	 for	 light	

entrainment	 in	 the	 central	 clock.	 The	 compound	 eyes	 and	HB	 eyelets	 convey	 light	

signals	to	the	PDF-expressing	neurons	(LNv)	and	lead	to	the	resetting	of	the	molecular	

clock.	 The	 light-reset	 LNv	 in	 turn	 synchronize	 other	 clock	 neurons	 through	 the	

intercellular	messenger	PDF	[Yoshii	et	al.,	2015].		

	

Similar	to	the	central	clock,	direct	light-entraining	pathway	also	exists	in	peripheral	tissues	

of	Drosophila	which	have	semi-transparent	bodies.	It	has	been	reported	that	the	cell-

autonomous	 expression	 and	 action	 of	 the	 photoreceptor	 CRY	 together	with	 TIM	 is	
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implicated	in	the	photic	input	pathway	not	only	in	the	central	but	also	peripheral	clocks	

[Ivanchenko	et	al.,	2001;	Krishnan	et	al.,	2001;	Dubruille	and	Emery,	2008;	Agrawal	et	

al.,	 2017].	 Each	 tissue	 and	 even	 each	 cell	 are	 believed	 to	 possess	 photoreceptive	

properties	which	contribute	to	photic	signal	transduction	that	allows	the	peripheral	

oscillators	to	be	directly	reset	by	 light.	The	finding	of	the	nearly	 identical	waveform	

and	phase	of	 the	rhythms	from	three	body	parts	 (head,	 thorax,	or	abdomen)	when	

compared	with	whole-animal	records	[Plautz	et	al.,	1997],	and	the	result	of	the	same	

per	transcription	peaking	time	in	all	fly	tissues	[Hardin	and	Panda,	2013],	both	support	

the	 theory	 that	 peripheral	 clocks	 have	 their	 own	 photoreceptors	 as	 well	 as	

mechanisms	that	can	directly	receive	and	react	to	light	stimuli.		

	

In	mammals,	light	is	the	main	synchronizer	of	the	SCN.	Photic	cues	are	perceived	by	the	

retina	and	signal	is	then	transmitted	to	the	SCN	via	the	retinohypothalamic	tract	(RHT).	

The	SCN	receives	direct	photic	input	from	a	photoreceptor	cell	type	in	retina	known	as	

intrinsically	 photoreceptive	 retinal	 ganglion	 cells	 (ipRGCs),	 and	 ipRGCs-expressing	

photo-pigment	melanopsin	 is	considered	the	principal	circadian	photoreceptors	 [Do	

and	Yau,	2010].		

	

Different	 to	 peripheral	 clocks	 in	 Drosophila,	 mammalian	 peripheral	 clocks	 cannot	 be	

directly	entrained	by	light.	One	evidence	is	that	mammalian	Periods	(Pers)	peak	around	

4	to	8	hours	 later	 in	peripheral	tissues	than	in	the	SCN	under	LD	cycles	[Hardin	and	

Panda,	2013].	Such	time	lag	reflects	the	process	that	light	initially	resets	the	SCN	which	

then	 acts	 to	 synchronize	 peripheral	 oscillators	 [Balsalobre,	 2002].	 In	 other	 words,	
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peripheral	 tissues	 in	mammals	 are	 largely	 entrained	 by	 the	 SCN,	 the	 loss	 of	which	

results	in	peripheral	clocks	that	become	desynchronized	[Yoo	et	al.,	2004;	Izumo	et	al.,	

2014].	For	instance,	rhythms	of	circadian	gene	expression	are	lost	in	peripheral	tissues	

of	SCN-lesioned	rats	[Sakamoto	et	al.,	1998].	The	SCN	controls	circadian	rhythmicity	of	

peripheral	 clock	 via	 two	 major	 pathways,	 neural	 and	 humoral	 signals	 [Balsalobre,	

2002].	 Both	 sympathetic	 and	parasympathetic	 nervous	 systems	 are	 involved	 in	 the	

neural	pathway.	Sympathetic	efferents	have	been	documented	for	the	brown	adipose	

tissue,	thyroid,	kidney,	bladder	and	spleen,	and	parasympathetic	efferents	reported	in	

the	liver,	pancreas	and	submandibular	gland.	Some	tissues	are	even	innervated	both	

sympathetically	and	parasympathetically	by	the	SCN,	such	as	 the	heart	and	adrenal	

gland	[Brown	and	Azzi,	2013].	The	second	major	pathway	is	through	hormones,	which	

has	been	wisely	proved	in	the	SCN	lesion	study	where	arrhythmic	behaviour	can	be	

rescued	by	implantation	of	foetal	SCN	tissue	encapsulated	in	porous	plastic	[Silver	et	

al.,	 1996].	 Circadian	 gene	 expression	 is	 also	 observed	 in	 circulating	 mononuclear	

leukocytes,	 supporting	 that	 humoral	 signals	 must	 be	 involved	 in	 peripheral	

entrainment	 [Oishi	 et	 al.,	 1998].	 Further,	 the	 role	 of	 glucocorticoids	 in	 the	

synchronization	of	the	peripheral	clocks	has	been	revealed	[Balsalobre	et	al.,	2000;	Son	

et	al.,	2011].	

	

Aside	from	accepting	signals	from	the	SCN,	local	clocks	sometimes	take	cues	directly	from	

their	 external	 and	 internal	 environment,	 among	 all	 the	most	 important	 peripheral	

Zeitgeber	is	food	[Brown	and	Azzi,	2013].	Patterns	of	food	intake	can	directly	entrain	

clocks	 in	peripheral	organs	such	as	the	liver.	 It	also	 implies	the	possibility	of	certain	
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peripheral	tissues	to	escape	from	the	central	control	in	particular	conditions	such	as	

restricted	feeding.	This	allows	local	clocks	to	adapt	themselves	to	cues	incompatible	to	

the	cues	SCN	receives	(mainly	light)	[Balsalobre,	2002].	Elegant	experiments	have	been	

designed	to	prove	this	feature	of	peripheral	clocks	by	changing	the	timing	of	feeding	

and	thereby	forcing	a	nocturnal	rodent	to	eat	during	daytime.	If	food	is	available	ad	

libitum,	mice	and	rats	eat	mainly	(80%)	during	the	dark	phase	of	the	day	when	they	

are	active.	Inversion	of	the	timing	of	food	availability	limited	to	the	light	phase	will	turn	

the	timing	of	clock	gene	expression	in	peripheral	tissues	up	to	180	degrees	in	phase	

compared	to	animals	fed	during	the	dark	phase	or	ad	libitum.	At	the	same	time,	it	shifts	

the	peripheral	clocks	to	the	antiphase	of	the	SCN,	which	remains	entrained	to	the	LD	

cycles	[Damiola	et	al.,	2000;	Stokkan	et	al.,	2001].	Noticeably,	the	speed	as	well	as	the	

degree	of	phase	shift	induced	by	feeding	vary	among	different	organs	[Brown	and	Azzi,	

2013].		

	

Apart	from	light,	it	is	well	known	that	another	Zeitgeber,	temperature	can	entrain	circadian	

clocks.	 However,	 temperature	 only	 acts	 as	 a	 weak	 Zeitgeber	 and	 the	 clock	 is	

characterized	 as	 temperature-compensated	 [Refinetti,	 2010].	 It	 has	 been	 proposed	

that	within	the	central	clock	of	Drosophila,	s-LNv	are	temperature-insensitive	while	DN	

are	 temperature-sensitive,	 such	 a	 two-oscillator	 model	 helps	 to	 explain	 how	 the	

circadian	 clock	 maintains	 both	 temperature	 entrainment	 and	 temperature	

compensation	[Barber	and	Sehgal,	2018].	In	mammals,	the	SCN	is	strictly	temperature-

resistant	however	peripheral	clocks,	including	the	fibroblasts,	 liver,	kidney	and	lung,	

are	exquisitely	sensitive	to	body	temperature	changes	[Brown	et	al.,	2002;	Abraham	
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et	al.,	2010;	Buhr	et	al.,	2010].	Both	in	cells	and	in	living	mammals,	subtle	fluctuations	

in	 body	 temperature	 (1°C	 to	 4°C)	 are	 sufficient	 to	 entrain	 peripheral	 circadian	

oscillators	 [Brown	 et	 al.,	 2002;	 Abraham	 et	 al.,	 2010;	 Buhr	 et	 al.,	 2010].	 Inversing	

circadian	body	temperature	fluctuations	in	mice	by	environmental	temperature	cycles	

will	 inverse	 circadian	 gene	 expression	 in	 peripheral	 cells	 independent	 of	 the	 SCN	

[Brown	et	al.,	2002].		

	

In	summary,	 the	central	and	peripheral	photic	entrainment	 in	Drosophila	 shares	similar	

pathways	involving	light-sensitive	CRY	and	its	close	interaction	with	TIM.	Entrainment	

in	mammalian	central	clock	 is	mainly	via	 light,	and	that	of	the	peripheral	clocks	has	

proven	to	be	a	web	of	both	direct	and	indirect	signals	that	can	even	vary	from	tissue	

to	tissue	[Brown	and	Azzi,	2013].	Feeding	rhythms	are	the	dominant	phase	resetting	

cues	for	most	peripheral	organs.	Even	so,	food	intake	and	body	temperature	still	arise	

as	a	consequence	of	circadian	behaviour	driven	by	the	SCN.	Although	the	mechanism	

by	 which	 peripheral	 oscillators	 can	 be	 entrained	 by	 food	 and	 temperature	 is	 still	

unclear,	the	pathways	are	believed	to	be	different	in	the	SCN	and	various	peripheral	

clocks	in	a	tissue-dependent	manner.		
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1.5	The	Circadian	Clock	and	its	Output	Rhythms	

	

A	wide	array	of	physiological	and	behavioural	processes	are	under	circadian	control.	These	

include	energy	metabolism,	body	temperature,	endocrine	secretion,	immune	function,	

renal	activity,	gastrointestinal	tract	motility,	cardiovascular	parameters	such	as	blood	

pressure	 and	 heart	 rates,	 and	 among	 all,	 sleep-wake	 cycles	 and	 locomotor	 activity	

[Gachon	et	 al.,	 2004;	 Froy,	2011].	 Thanks	 to	DNA	microarray	 studies,	 the	extent	of	

circadian	regulation	has	been	revealed,	in	which	up	to	5%	of	transcripts	in	Drosophila	

heads	and	up	 to	10%	 in	mouse	 tissues	are	expressed	 in	a	 circadian	manner.	 These	

downstream	 cycling	 genes	 can	 be	 mapped	 to	 a	 broad	 range	 of	 intracellular	 and	

intercellular	 functions	 including	 peptide	 synthesis,	 vesicle	 trafficking,	 nutrient	

metabolism,	detoxification,	cytoskeleton,	and	synaptic	structure	[Vallone	et	al.,	2007].	

Of	interest,	tissue	specificity	is	implicated	because	many	of	the	genes	cycling	in	one	

tissue	being	expressed	at	constant	levels	in	other	tissues.		

	

One	of	the	most	important	behavioural	outputs	in	the	study	of	the	genetics	and	molecular	

biology	of	circadian	clock	in	Drosophila	is	the	locomotor	activity	rhythms,	which	could	

be	 considered	 as	 the	 equivalent	 of	 sleep-wake	 cycles.	 Importantly,	 one	 cannot	

conclude	 a	 rhythm	 is	 circadian	 unless	 it	 persists	 under	 constant	 environmental	

conditions,	due	to	the	masking	effect	of	LD	cycles.	In	Drosophila,	rhythms	of	locomotor	

activity	persist	in	DD,	which	is	therefore	believed	to	be	endogenously	clock-regulated.	

As	a	result,	the	measurement	of	locomotive	rhythms	has	been	widely	used	as	the	basis	
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for	assessing	circadian	function	[Shaw,	2003].	Other	clock-controlled	rhythmic	events	

including	courtship,	egg	laying,	eclosion,	olfactory	and	gustatory	sensitivity,	 learning	

and	memory,	have	also	been	studied	[Peschel	and	Helfrich-Förster,	2011].	

	

It	 has	 generally	 observed	 that	 in	 standard	 conditions	 of	 12h:12h	 LD	 cycles	 at	 25°C,	

Drosophila	display	two	peaks	of	their	locomotor	activity,	one	around	“dawn”	(usually	

an	artificially	set	 light-on	time)	and	one	around	“dusk”	 (light-off	 time),	showing	the	

classic	“crepuscular”	characteristics	[Rosato	and	Kyriacou,	2006;	Rosato	and	Kyriacou,	

2008].	During	daylight	hours	between	dawn	and	dusk,	the	activity	level	is	low	[Peschel	

and	 Helfrich-Förster,	 2011].	 At	 night,	 flies	 tend	 to	 enter	 a	 sleep-like	 rest	 state	

[Hendricks	et	al.,	2000].	Precisely	speaking,	the	oscillations	of	enhanced	activity	of	flies	

are	observed	under	laboratory	instead	of	natural	environment,	which	provides	much	

richer	 cycling	 environmental	 stimuli.	 As	 consequence,	 some	 assumptions	 may	 be	

renewed	according	to	a	finding	revealing	the	Drosophila	circadian	behaviour	through	

natural	observations.	These	include	the	change	of	the	fly’s	crepuscular	activity,	a	third	

major	 locomotor	 component	 in	 addition	 to	 “dawn”	 and	 “dusk”,	 the	 fly’s	 nocturnal	

behaviour	 under	 moonlight,	 and	 the	 dominance	 of	 light	 stimuli	 over	 temperature	

[Vanin	et	al.,	2012].	

	

Circadian	rhythmicity	has	been	observed	 in	most	aspects	of	mammalian	physiology	and	

behaviour,	 some	 are	 controlled	 by	 peripheral	 clocks	 and	 others	 directly	 by	 central	

signals	 [Balsalobre,	 2002].	 Being	 at	 the	 top	 of	 the	 hierarchical	 organization	 of	 the	

circadian	 timing	 system,	 the	SCN	are	 important	 for	 regulating	key	 targets	 including	
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rhythmic	 hormone	 secretion	 (especially	 night-time	 synthesis	 of	 melatonin	 by	 the	

pineal	 gland),	 body	 temperature	 and	 locomotor	 activity	 [Albrecht,	 2012].	 As	 to	

peripheral	clocks,	which	play	an	 integral	and	unique	role	 in	each	of	their	respective	

tissues,	are	believed	to	possess	tissue-specific	cycling	gene	profiles	to	fit	in	their	own	

physiological	functions.	Thus	it	is	not	difficult	to	imagine	that	circadian	physiology	in	

local	tissues	is	largely	controlled	by	peripheral	oscillators	themselves	[Brown	and	Azzi,	

2013].	For	instance,	peripheral	clocks	in	cardiac	tissues	control	expression	of	multiple	

kinases	and	ion	channels,	and	clock	mutation	changes	cardiac	physical	activity	[Ko	et	

al.,	2011].	In	addition,	circadian	clock	ablation	in	pancreatic	islets	leads	to	defects	in	

coupling	of	beta	cell	stimulus	to	insulin	secretion.	Moreover,	clock	function	is	essential	

for	circadian	production	of	glucocorticoids	in	adrenal	gland	and	circadian	expression	

of	glucocorticoid	receptors	in	target	tissues	[Brown	and	Azzi,	2013].		
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1.6	The	Goals	

	

The	aim	of	the	work	described	in	this	thesis	is	to	explore	the	nature	of	the	circadian	clock	

and	 its	 changes	 throughout	 lifespan,	 from	 the	 centre	 to	 the	 periphery,	 from	 the	

entrainment	input	to	the	molecular	clock	and	to	the	output	rhythms,	and	from	the	pre-

mature	development	to	the	age-related	deterioration	(Figure	1-4),	asking	questions	as	

follows:		

	

• 			When	does	the	molecular	clock	start	to	tick	and	be	responsive	to	light?		

	

• 			Do	the	central	and	peripheral	clocks	develop	at	the	same	pace?	

	

• 			How	does	the	Zeitgeber	light	affect	the	development	of	the	circadian	clock?	

	

• 			Which	part	of	the	circadian	clock	is	affected	by	aging,	the	centre	or	the	periphery?		

	

• 			Can	strong	entrainment	rescue	the	age-related	decline	of	the	circadian	clock?	

	

• 			What	happens	to	the	clock	at	both	molecular	and	behavioural	levels	towards	death?				

	

In	order	to	find	out	the	answers,	we	use	Drosophila	melanogaster	as	the	animal	model,	the	

luciferase	reporters	to	record	the	real-time	changes	of	clock	gene	expression,	and	the	

locomotor	 activity	 monitoring	 system	 to	 measure	 the	 behavioural	 rhythms.	

Experiments	have	been	conducted	in	vivo	for	a	long	duration	of	time	to	collect	as	much	

detailed	 information	 as	 possible,	 reflecting	 the	 cross-sectional	 as	 well	 as	 the	
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longitudinal	 changes	 of	 the	 circadian	 clock.	 The	 adult	 circadian	 clock	 is	 well	

characterized	 at	 both	 the	molecular	 and	 behavioural	 level,	which	 can	 serve	 as	 the	

standard	for	comparison	between	changes	from	specific	life	stages	that	we	interest	in.	

	

Correspondingly,	the	rest	of	thesis	is	organized	into	three	separate	chapters	each	focuses	

on	DEVELOPMENT	of	the	circadian	clock	(Chapter	Two),	AGING	of	the	circadian	clock	

(Chapter	Three),	and	changes	of	the	circadian	clock	preceding	DEATH	(Chapter	Four).	

Last	but	not	least,	it	comes	the	general	DISCUSSION	(Chapter	Five).				

	

We	believe	these	topics	are	of	substantial	 importance.	 Insight	of	the	circadian	clock,	 its	

development	 and	 its	 aging,	 contributes	 to	 a	 better	 understanding	 of	 the	 biological	

rhythms	 that	 most	 organisms	 live	 on.	 Especially	 when	 it	 comes	 to	 a	 number	 of	

pathological	 states	 caused	by	 circadian	dysfunction	at	 certain	 timing	of	 specific	 life	

stages.	 It	 has	 further	 implication	 on	 revealing	 the	 underlying	mechanism	 of	 clock-

related	diseases,	which	may	point	at	new	directions	towards	potential	prevention	and	

treatment	strategies.	

	 	



Figure 1-4. The Organization of the Circadian Clock Throughout Lifespan
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The goal of the research is to characterize how the circadian clock changes from the beginning to

the end of life, going through development, adult, aging and before-death stages. The circadian

clock is not a homogeneous system but instead composed of a central and numerous peripheral

components. A functional clock requires a molecular oscillator comprising a number of clock

genes, an input pathway that transmits environmental cues to entrain the clock, and an output

pathway to generate timed behavioral and physiological rhythms.
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2.1	Abstract	

	

Although	much	 is	known	about	 the	molecular	mechanism	of	 the	circadian	clock	among	

diverse	organisms,	the	questions	of	when,	where,	and	how	daily	rhythms	emerge	in	

early	development	are	still	largely	unanswered.	We	aimed	to	study	when	the	circadian	

clock	and	 its	 light	 sensitivity	 start	 to	develop	 in	Drosophila	melanogaster.	Here	 the	

initial	expression	pattern	of	the	key	clock	gene	period	was	recorded	in	Drosophila	from	

embryo	to	adult	in	vivo,	using	transgenic	luciferase	reporters.	PERIOD	expression	in	the	

presumptive	 central	 clock	 dorsal	 neurons	 started	 to	 oscillate	 in	 the	 embryos	 in	

constant	darkness.	In	behavioural	experiments	a	single	12-hour	light	pulse	given	during	

the	 second	 half	 of	 embryonic	 stage	 synchronized	 adult	 locomotor	 activity	 rhythms	

implying	 the	 early	 development	 of	 the	 entrainment	 mechanism.	 Together	 these	

findings	suggest	that	the	central	clock	is	already	functional	during	embryogenesis.	In	

contrast	to	central	brain	expression,	PERIOD	in	the	peripheral	tissues	increased	during	

the	 embryonic	 stage	 and	 peaked	 during	 the	 pupae	 without	 showing	 circadian	

oscillations.	Its	rhythmic	expression	only	began	in	the	adult.	Thus,	we	conclude	that	

cyclic	 expression	 of	 PERIOD	 in	 the	 central	 clock	 neurons	 starts	 in	 the	 embryos,	

presumably	in	the	dorsal	neurons	1	(DN1)	or	their	precursors.	It	is	not	until	shortly	after	

eclosion	 when	 cyclic	 and	 synchronized	 expression	 of	 PERIOD	 in	 peripheral	 tissues	

throughout	the	animal	commences.			
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2.2	Introduction	

	

A	number	of	studies	in	the	past	few	decades	have	been	trying	to	reveal	the	mystery	of	the	

development	of	the	circadian	clock	in	Drosophila	and	mammals.	Of	particular	interest	

is	determining	the	timing	of	when	the	central	molecular	clock	starts	to	oscillate	and	

when	 the	 peripheral	 clocks	 are	 synchronized	 throughout	 the	 whole	 animal.	

Development	of	the	major	components	of	the	circadian	clock,	including	input	pathway,	

molecular	clockwork,	and	output	rhythms	has	been	investigated.		

	

Being	an	 important	downstream	output	of	the	circadian	clock,	behavioural	 rhythms	are	

primarily	 studied.	Rhythms	of	 locomotor	 activity	have	been	well	 described	 in	 adult	

Drosophila,	and	it	has	been	proposed	that	behavioural	rhythms	may	exist	in	pre-adult	

developmental	 stages.	 For	example,	a	 clock-driven	photophobic	 response	has	been	

described	in	the	larvae	[Mazzoni	et	al.,	2005],	although	the	light-avoidance	behaviour	

itself	does	not	follow	a	circadian	pattern.	In	addition,	despite	the	fact	that	eclosion	(the	

emergence	of	an	adult	from	the	pupal	case)	occurs	only	once	in	a	single	fly’s	lifetime,	

the	 multiple	 events	 within	 a	 population	 follow	 a	 circadian	 pattern	 [Skopik	 and	

Pittendrigh,	 1967].	 Furthermore,	 a	 few	 studies	 have	 indicated	 that	 environmental	

factors	administrated	during	pre-adult	stages	can	alter	the	adult	circadian	behaviour	

and	molecular	state,	even	after	the	treatment	is	terminated.	For	instance,	a	brief	light	

pulse	or	light-dark	(LD)	cycles	can	synchronize	eclosion	rhythms	as	well	as	locomotor	

activity	rhythms	in	adult	when	provided	as	early	as	the	first-instar	larval	stage	(but	not	
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during	embryonic	stage),	even	though	the	flies	are	otherwise	kept	in	constant	darkness	

(DD)	[Brett,	1955;	Sehgal	et	al.,	1992].	Subsequently,	it	has	been	demonstrated	that	a	

10-minute	 light	 pulse	or	 different	 light	 regimen	 in	 larvae	 can	 affect	 the	 adult	 free-

running	period	or	shift	the	phase	of	adult	rhythms	[Matsumoto	et	al.,	1997;	Kaneko	et	

al.,	2000;	Sheeba	et	al.,	2002].	Aside	from	light,	other	stimuli	such	as	ethanol	exposure	

during	 larval	 development	 cause	 sustainable	 shortening	 of	 the	 adult	 free-running	

period	[Seggio	et	al.,	2012;	Ahmad	et	al.,	2013].	The	results	from	the	above	studies	of	

pre-entrained	adult	behavioural	rhythms	imply	that	circadian	clock	is	present	from	the	

first	larval	stage,	but	whether	it	is	already	functional	at	earlier	development	is	unclear.				

	

Drosophila	larvae	possess	the	ability	to	shift	the	circadian	clock	in	the	pacemaker	neurons	

with	a	light	pulse,	which	can	thus	entrain	eclosion	rhythms,	developmental	hormones	

and	adult	behaviour	 [Keene	and	Sprecher,	2012].	Presumably,	 the	 larvae	should	be	

equipped	with	an	efficient	input	pathway	that	can	transmit	environmental	signals	to	

the	clock.	Such	input	pathway	is	required	not	only	for	the	entrainment	of	the	circadian	

clock,	but	also	for	rapid	initiation	of	behaviours	(such	as	the	photophobic	response).	It	

has	been	reported	that	the	larval	visual	system	is	capable	of	both	functions	[Keene	et	

al.,	 2011],	 and	 the	 larval	 pacemaker	 neurons	 also	 show	 corresponding	 capability.	

Additionally,	 previous	 works	 have	 revealed	 sensory	 and	 central	 brain	 neurons	

necessary	for	pre-adult	visual	reactions,	and	the	specific	light	inputs	for	each	subgroup	

of	clock	neurons	have	been	identified	in	Drosophila	larvae	[Klarsfeld	et	al.,	2011].	
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The	visual	system	is	part	of	the	input	pathways	for	light	signals	entering	into	the	circadian	

clock	of	the	brain.	The	larval	optic	nerve	(Bolwig’s	nerve)	which	projects	to	larval	clock	

neurons	 is	 thought	 to	be	 the	organ	 that	 receives	photic	 input	 from	 the	 larval	 eyes	

[Kaneko	 et	 al.,	 1997].	 It	 has	 been	 revealed	 later	 that	 the	 contact	 between	 larval	

Bolwig’s	nerve	and	 clock	neurons	exists	 as	 early	 as	 embryonic	 stage	 [Malpel	 et	 al.,	

2002].	Moreover,	aside	from	the	larval	visual	organs,	CRYPTOCHROME	is	believed	to	

crucially	participate	in	larval	circadian	photoreception,	making	the	entrainment	of	the	

circadian	 clock	 possible	 [Kaneko	 et	 al.,	 2000;	 Malpel	 et	 al.,	 2004].	 The	 pigment-

dispersing	factor	(PDF)	neuropeptide	signalling	is	also	suggested	to	be	necessary	in	the	

light	 input	pathway	at	 this	stage	[Picot	et	al.,	2009].	Subsequently	during	the	pupal	

stage,	 visual	 fibres	 that	 come	 from	 the	 Hofbauer-Buchner	 eyelet,	 a	 putative	

photoreceptive	organ	of	the	adult	circadian	clock,	are	found	to	be	already	contacting	

the	 pacemaker	 neurons	 [Malpel	 et	 al.,	 2002].	 In	 addition,	 a	 pair	 of	 giant	 visual	

projection	 neurons	 which	 have	 special	 properties	 in	 light	 sensitivity	 and	 rhythmic	

activities	 are	 also	 found	 in	 the	 pupae	 [Yan	 et	 al.,	 2013].	 We	 thus	 infer	 that	 the	

establishment	of	the	input	pathway	to	the	central	clock	possibly	starts	in	embryonic	

stage,	then	goes	through	rapid	development	during	larval	and	pupal	stages.	

		

Existing	evidence	on	the	output	and	input	pathways	supports	the	presence	of	the	circadian	

clock	 during	 early	 development,	 further	 interests	 are	 therefore	 placed	 on	 the	

emergence	 of	 the	 clock	machinery.	 This	 includes	 the	 anatomy	 basis	 of	 pacemaker	

neurons	and	importantly,	their	cyclic	expression	of	core	clock	genes.	In	1997,	circadian	

pacemaker	neurons	have	been	identified	in	the	4-hour-old	first-instar	larvae,	with	their	
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roles	 in	controlling	rhythmic	processes	 in	 larvae,	pupae,	and	adult	 [Helfrich-Förster,	

1997].	Combining	with	findings	of	later	studies,	it	shows	that	in	the	relatively	simple	

larval	 brain,	 there	 are	 nine	 clock	 neurons	 per	 hemisphere,	 including	 five	 lateral	

neurons	 (LN),	 four	of	which	express	 the	PDF	neuropeptide,	and	 two	pairs	of	dorsal	

neurons	(DN1	and	DN2)	[Klarsfeld	et	al.,	2011].	Among	these	neurons,	the	LN	are	the	

only	cells	that	maintain	a	strong	cycling	in	clock	gene	expression	from	first-instar	larvae	

onward,	 then	throughout	metamorphosis	and	 into	adulthood	[Kaneko	et	al.,	1997].	

Further,	the	PDF-expressing	LN	are	implicated	to	be	the	master	pacemaker	neurons	

and	subsequently	represent	the	small	ventral	lateral	neurons	(s-LNv)	of	the	adult	brain	

[Vallone	et	al.,	2007].	Nonetheless,	the	remaining	groups	of	main	pacemaker	neurons	

necessary	 for	circadian	mechanism,	such	as	 the	 large	ventral	 lateral	neurons	 (l-LNv)	

and	 dorsal	 lateral	 neurons	 (LNd),	 only	 differentiate	 during	mid-pupae	 (Figure	 2-1A)	

[Helfrich-Förster	 et	 al.,	 2007].	 This	 finding	 implies	 that	 a	 mature	 circadian	 clock	

composed	of	the	whole	package	of	pacemaker	neurons	may	not	exist	before	eclosion.	

Furthermore,	despite	similarities	between	the	adult	and	larval	molecular	oscillators,	as	

well	as	the	neuronal	projections	[Kaneko	and	Hall,	2000],	adult	and	larvae	may	differ	

substantially	in	the	complexity	and	organization	of	their	pacemaker	neuronal	circuits	

[Nitabach	et	al.,	2005].	

	

The	driving	force	of	the	circadian	clock	is	the	molecular	oscillator,	which	is	based	on	the	

transcription-translation	feedback	loops	of	several	clock	genes,	including	period	(per)	

and	timeless	(tim)	(refer	to	Chapter	One,	Section	1.3).	Work	from	Kaneko	in	1997	has	

demonstrated	that	cyclic	expression	of	PERIOD	(PER)	and	TIMELESS	(TIM)	occurs	in	the	
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Drosophila	 larval	 central	nervous	 system	 (CNS)	 in	 several	 groups	of	neurons	 (s-LNv,	

DN1a,	and	DN2),	both	in	LD	cycles	and	in	following	DD	conditions	(Figure	2-1B)	[Kaneko	

et	 al.,	 1997].	 The	 technique	 of	 immunohistochemistry	 used	 in	 this	 study	 requires	

animals	to	be	sacrificed	every	six	hours	and	data	at	the	same	time	point	to	be	pooled	

from	different	brain	samples	[Kaneko	et	al.,	1997].	The	question	remains	whether	this	

technique	 has	 sufficient	 resolution	 to	 represent	 the	 key	 parameters	 of	 circadian	

oscillations	faithfully.		

	

Even	before	larval	development,	it	has	been	revealed	that	a	significant	expression	of	per	

mRNA	exists	 in	mid-late	developing	embryos	(after	11-hour	of	embryogenesis).	This	

early	expression	of	per	is	limited	to	the	CNS	and	localised	within	the	brain	and	ventral	

ganglia	[James	et	al.,	1986].	Expression	of	tim	is	also	detected	in	the	embryonic	CNS.	

The	number,	 location,	origin	and	 lineage	of	per	 and	 tim	 expressing	cells	have	been	

defined	throughout	embryogenesis	in	a	recent	study	[Ruiz	et	al.,	2010].	CLOCK	(CLK)	is	

shown	to	be	initially	expressed	in	presumptive	s-LNv,	DN1,	and	DN2	at	embryonic	stage,	

and	a	few	hours	after	the	occurrence	of	CLK,	PER	accumulates	 in	all	CLK-expressing	

cells	 except	 presumptive	DN2	 during	 late	 embryos	 (Figure	 2-1C)	 [Houl	 et	 al.,	 2008;	

Glossop	et	al.,	2014].		

	 	



Figure 2-1. Development of Central Clock Neurons at Embryonic, Larval and Pupal 
Stages in Drosophila

• l-LNv and LNd differentiate at pupal brain [Helfrich-Förster et al., 2007] 

• s-LNv, DN1 and DN2 exist at larval brain [Kaneko et al., 1997]

• s-LNv and DN1 develop at embryonic brain [Houl et al., 2008]

Adult Drosophila brain and all groups of central clock neurons, including dorsal neurons (DN1, DN2,

and DN3), lateral posterior neurons (LPN), dorsal lateral neurons (LNd), large ventral lateral

neurons (l-LNv), and small ventral lateral neurons (s-LNv) are shown as dots in corresponding

colour. Various clusters of neurons develop at different stages shown as the (A) pupa, (B) larva

and (C) embryo.
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Expression	of	core	clock	genes	and	their	protein	products	found	in	the	embryonic	CNS	of	

Drosophila	suggests	that	brain	oscillator	neurons	may	begin	their	development	during	

embryogenesis.	However,	the	fact	that	embryonic	development	only	takes	24	hours	at	

25°C	 (typical	 environmental	 rearing	 temperature)	 makes	 it	 difficult	 to	 prove	 the	

existence	of	a	circadian	pattern	of	clock	gene	expression	[James	et	al.,	1986;	Houl	et	

al.,	2008;	Ruiz	et	al.,	2010;	Glossop	et	al.,	2014;	Liu	et	al.,	2015].		

	

The	negative	correlation	between	temperature	and	developmental	timing	is	well	defined	

in	 Drosophila	 [Kuntz	 and	 Eisen,	 2014].	 This	 offers	 the	 possibility	 to	 extend	 the	

embryonic	 stage	 in	 order	 to	 potentially	 reveal	 circadian	 rhythmicity.	 Higher	

temperature	speeds	up	development	and	lower	temperature	slows	it	down	within	a	

range	of	 16°C	 to	 29°C	 [Economos	 and	 Lints,	 1986].	 At	 16°C	 the	 embryonic	 stage	 is	

prolonged	approximately	doubly	the	developmental	time	compared	to	25°C	[Ghosh	et	

al.,	2013].	Circadian	clocks,	being	temperature	compensated,	do	not	show	a	change	in	

period	of	molecular	and	behavioural	rhythms	with	a	fluctuation	in	temperature	[Hall,	

1997].	Therefore,	manipulation	of	temperature	can	be	used	as	a	tool	to	examine	the	

presence	of	 a	 functional	molecular	 clock	 in	 the	 early	 embryos	 beyond	 the	 24-hour	

temporal	constraint.	

	

In	mammals,	the	development	of	the	clock	system	seems	to	be	more	complicated	but	in	

general,	 still	 shares	 a	 similar	 rule	with	Drosophila.	 Overt	 circadian	 rhythms	 usually	

occur	at	postnatal	ages,	such	as	the	day-night	changes	of	corticosterone,	rest-activity	

and	 body	 temperature	 [Weinert,	 2005].	 In	 rodents,	 it	 is	 weeks	 after	 birth	 when	
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circadian	output	start	to	emerge.	For	example,	rhythmic	production	of	melatonin	 is	

first	detected	at	the	end	of	the	first	week	of	postnatal	development	[Vallone	et	al.,	

2007].	In	primates,	including	humans,	certain	circadian	rhythms	can	even	be	detected	

prenatally,	such	as	rest-activity,	breathing,	heart	rate	and	urine	production	[Weinert,	

2005].		

	

Development	 of	 the	 central	 endogenous	 pacemaker	 suprachiasmatic	 nucleus	 (SCN)	 is	

presumably	the	basis	of	clock	maturity	in	mammals.	It	goes	through	a	gradual	progress	

of	structure	formation,	neurogenesis	and	synaptogenesis	[Weinert,	2005;	Vallone	et	

al.,	2007;	Christ	et	al.,	2012].	The	structure	of	SCN	is	formed	during	the	third	wave	of	

hypothalamic	neuron	generation	and	develops	as	a	component	of	the	periventricular	

cell	group.	The	subdivision	of	ventrolateral	and	dorsomedial	regions	happens	 in	the	

embryos	[Weinert,	2005].	Neurogenesis	starts	in	mid-late	embryonic	stage	(60-80%	of	

gestation	 in	rodents)	when	SCN	neurons	start	to	develop	and	differentiate,	and	the	

adult	 morphology	 of	 the	 SCN	 is	 established	 at	 early	 postnatal	 stage	 [Bedont	 and	

Blackshaw,	2015].	Synaptogenesis	 in	the	SCN	progresses	slowly	during	 late	prenatal	

development	and	 is	mainly	a	postnatal	process	 [Weinert,	2005].	Synapse	 formation	

indicates	the	effective	communication	and	synchronization	within	the	SCN	neuronal	

network,	making	robust	and	coherent	circadian	rhythmicity	possible.	

	

Despite	 that	 a	 fully-developed	 SCN	 structure	 as	 well	 as	 many	 overt	 rhythms	 presents	

postnatally,	the	functional	output	of	the	central	clock	seems	to	exist	prenatally.	For	

instance,	circadian	activity	in	the	SCN	can	be	detected	already	in	utero.	The	foetal	SCN	
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shows	rhythms	in	metabolism	[Reppert	and	Schwartz,	1984],	neuropeptide	arginine	

vasopressin	(AVP)	mRNA	expression	[Reppert	and	Uhl,	1987],	and	neuronal	firing	rate	

[Shibata	and	Moore,	1987].	Interestingly,	it	is	hypothesized	that	such	SCN	output	may	

even	emerge	before	the	complete	maturation	of	core	clock	mechanism	[Vallone	et	al.,	

2007].		

	

The	molecular	clockwork	in	the	SCN	starts	to	develop	at	around	90%	of	gestation	in	rodents	

and	 primates.	 Intrinsic	 circadian	 rhythms	 in	 some	 clock	 genes	 are	 detected	 during	

foetal	ages,	such	as	Period	1	(Per1)	in	mouse	and	rat	SCN,	with	other	genes	oscillating	

later,	around	birth	or	shortly	after	[Christ	et	al.,	2012;	Arellanes-Licea	et	al.,	2014].	For	

instance,	circadian	profiles	of	Period	2	(Per2),	Bmal1	and	Clock,	are	all	expressed	in	the	

rat	SCN	prenatally	without	detectable	circadian	rhythm	[Sládek	et	al.,	2004;	Weinert,	

2005].	 Genes	 in	 the	 positive	 arm	 seem	 to	 become	 rhythmic	 later	 than	 that	 in	 the	

negative	arm.	Clock	is	particularly	notable	in	this	regard	because	its	cycling	only	begins	

after	ten	postnatal	days	in	both	mouse	and	rat	[Sládek	et	al.,	2004].	Taken	together,	

though	details	vary	somewhat	among	different	reports	[Bedont	and	Blackshaw,	2015],	

data	show	that	the	endogenous	molecular	oscillators	in	the	SCN	starts	to	develop	from	

the	late	foetal	stage	and	matures	gradually	during	the	postnatal	age	[Christ	et	al.,	2012].		

	

It	is	well	accepted	that	the	ontogenesis	of	peripheral	oscillators	happens	later	than	that	in	

the	 central	 pacemaker.	 Detection	 of	 clock	 genes	 in	 the	 foetal	 rat	 liver	 by	 in	 situ	

hybridization	has	not	been	revealed	any	rhythms	except	for	a	low	amplitude	oscillation	

in	 Cryptochrome	 1	 expression	 before	 birth.	 The	major	molecular	 clock	 in	 the	 liver	
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matures	slowly	during	postnatal	development	[Sládek	et	al.,	2007].	The	rhythmicity	of	

Per1	 and	Bmal1	 expression	 starts	a	 few	days	after	birth	 in	 the	heart,	 and	 the	daily	

rhythms	of	Per1	and	Per2	expression	appear	much	later	in	the	cerebral	cortex	[Weinert,	

2005].	It	seems	likely	that	the	development	of	clock	mechanisms	occurs	independently	

in	different	organs	at	various	timing	[Weinert,	2005],	mainly	postnatally	[Vallone	et	al.,	

2007].		

	

One	interesting	finding	is	that	although	in	vivo	studies	show	no	circadian	rhythms	of	clock	

gene	expression,	 in	either	whole	embryos	or	 individual	 tissues,	 rhythms	have	been	

detected	in	embryonic	tissues	in	vitro	[Dolatshad	et	al.,	2010].	It	has	been	shown	that	

embryonic	tissues	have	the	capacity	to	express	active	circadian	regulatory	cycles	of	key	

clock	 genes	 by	 the	 continuous	 assay	 of	 bioluminescence.	 The	 implication	 is	 that	

individual	cells	very	early	in	development	might	already	express	oscillations	[Dolatshad	

et	al.,	2010].	The	reason	why	circadian	cycles	are	not	evident	at	the	tissue	level	may	

due	to	the	desynchrony	among	different	cells.	Synchronization	of	peripheral	oscillators	

is	 presumed	 to	 take	 place	 later	 in	 development	 in	 a	 tissue-dependent	 manner	

[Arellanes-Licea	et	al.,	2014].			

	

It	 is	an	 important	 fact	 that	 the	generation	of	 foetal	 rhythms	at	both	the	molecular	and	

output	 level	 is	 intrinsic	 and	 is	 not	 a	 direct	 consequence	 of	 maternal	 rhythmicity	

[Weinert,	2005].	However,	it	is	also	true	that	circadian	physiology	during	foetal	life	is	

dependent	 on	 non-photic	maternal	 cues	 via	 the	 placental	 system.	 Foetal	 SCN	 and	

possibly	peripheral	clocks	are	entrained	by	rhythmically	delivered	maternal	messages,	
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including	dopamine,	melatonin,	stress	signals	and	maternal	behaviour	[Arellanes-Licea	

et	al.,	2014].	 It	 is	still	a	matter	of	debate	whether	rhythmic	output	signals	from	the	

foetal	SCN	are	powerful	enough	to	entrain	peripheral	oscillators	[Christ	et	al.,	2012].		

	

Speaking	of	light	entrainment,	it	has	no	direct	effect	on	the	foetal	SCN	metabolic	activity	

[Reppert	 and	 Schwartz,	 1983]	 and	 this	 is	 consistent	 with	 the	 observations	 that	

intrinsically	photoreceptive	retinal	ganglion	cells	(ipRGCs)	and	light	input	pathway	into	

the	SCN	only	develop	postnatally	[Weinert,	2005;	Arellanes-Licea	et	al.,	2014].	In	the	

early	postnatal	stage,	the	intense	social	interaction	with	the	mother	as	well	as	feeding	

still	 provide	 the	 primary	 signals	 for	 the	 developing	 circadian	 system.	 Until	 after	

weaning,	the	LD	cycles	take	over	and	become	the	main	Zeitgeber	[Weinert,	2005].	The	

best	timing	for	this	transition	to	be	finished	is	when	the	light	input	pathway	and	the	

endogenous	rhythm	generator	in	the	SCN	have	fully	developed	[Christ	et	al.,	2012].	
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2.3	Objectives	

	

Before	the	work	described	here,	it	has	not	been	established	whether	an	entrainable	clock	

exits	 during	 the	 embryonic	 development	 of	Drosophila.	 In	 this	 study,	we	 aimed	 to	

determine	when	the	central	and	peripheral	components	of	the	circadian	clock	start	to	

oscillate	(Figure	2-2).	First	of	all,	PER	expression	was	measured	continuously	from	the	

beginning	 of	 the	 embryonic	 stage	 in	 individual	 fruit	 flies	 at	 25°C	 and	 16°C,	 using	

luciferase	reporters.	Secondly,	the	response	of	adult	locomotor	activity	to	timed	light	

treatment	 during	 pre-adult	 stages	was	 investigated.	 Thirdly,	while	 it	 is	 known	 that	

establishment	of	behavioural	rhythms	in	individual	fruit	flies	does	not	require	exposure	

to	 light	 during	 development,	we	 investigated	here	 if	 this	 is	 also	 true	 for	molecular	

rhythms	of	clock	gene	expression.	
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2.4	Methods	

	

2.4.1	Experimental	Design		

	

Figure	2-3.	Experimental	Design	of	the	Development	Study	

	

In	 order	 to	 find	 out	 the	 emergence	 timing	 of	 light-sensitivity	 in	 Drosophila	 circadian	 clock,	

behavioural	rhythms	of	wild	type	flies	which	had	been	treated	by	light	or	kept	in	DD	(white	bars	

indicate	lights	on	and	black	bars	indicate	lights	off)	during	early	development	were	measured	by	

DAM	system	from	pupal	stage	onwards	at	25°C	and	16°C	respectively.	To	find	out	the	emergence	

timing	 of	 molecular	 oscillations,	 clock	 gene	 expression	 was	 measured	 in	 transgenic	 flies	 by	

bioluminescence	assay	from	embryonic	stage	onwards	under	DD	or	LD	cycles	at	25°C	and	16°C.	
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2.4.2	Animal	Model	

	

Drosophila	melanogaster	(fruit	fly)	is	an	ideal	model	for	studying	the	phenomena	of	the	

circadian	clock	as	well	as	its	ticking	mechanism.	Drosophila	has	been	established	as	an	

excellent	tool	for	genetic	studies	over	a	hundred	years,	and	the	use	of	Drosophila	for	

the	analysis	of	circadian	rhythms	and	molecular	clockwork	has	been	well	established	

[Cirelli,	2006;	Le	Glou	et	al.,	2012].	First	of	all,	the	circadian	clock	is	largely	conserved	

in	organisms	as	diverse	as	bacteria,	insects,	mammals	and	humans	[Panda	et	al.,	2002;	

Looby	 and	 Loudon,	 2005;	 Yu	 and	Hardin,	 2006].	 Secondly,	 fruit	 flies	 exhibit	 readily	

assayed	circadian	behaviours,	such	as	locomotor	activity	rhythms	which	are	similar	to	

human	sleep-wake	cycles.	More	importantly,	most	of	the	clock	genes	expressed	in	fruit	

flies	are	similar	to	their	mammalian	counterparts	[Peschel	and	Helfrich-Förster,	2011].	

Thirdly,	 powerful	 genetic	 tools	 and	 the	 simplicity	 of	 neuronal	 organization	 make	

Drosophila	an	excellent	system	to	dissect	[Robertson	and	Keene,	2013].	 In	addition,	

fruit	flies	live	for	only	50-80	days	in	standard	laboratory	conditions,	allowing	behaviour	

and	gene	expression	to	be	monitored	over	an	entire	 life	cycle	 [Koh	et	al.,	2006].	 In	

conclusion,	due	 to	numerous	advantages,	Drosophila	 is	expected	 to	be	an	effective	

model	in	elucidating	biological	mechanisms	underlying	the	circadian	clock,	which	may	

eventually	be	generalized	to	other	species.		

	

Transgenic	Luciferase-reporter	Lines	8.0-luc,	XLG-luc	and	tim-luc	were	used	for	the	whole	

project.	These	fruit	flies	contain	a	per	or	tim	promoter	driven	firefly	luciferase	cDNA,	
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which	 exhibits	 a	 similar	 cyclic	 expression	 pattern	 and	 tissue	 distribution	 as	 their	

endogenous	counterparts	(Table	2-1)	[Stanewsky,	2007].	In	the	developmental	study,	

we	 used	 8.0-luc	 and	 XLG-luc	 flies	 to	 measure	 PER	 expression	 in	 the	 central	 clock	

neurons	 and	 peripheral	 tissues,	 respectively.	 8.0-luc	 flies	 specifically	 reflect	 PER	

expression	 in	 subsets	 of	 the	 central	 clock	 dorsal	 neuronal	 clusters	 (DN1-3)	 and	 LNd	

[Veleri	et	al.,	2003;	Yoshii	et	al.,	2009].	Adult	8.0-luc	flies	exhibit	relatively	low	overall	

bioluminescence	 levels,	 however	 show	 robust	 rhythmicity	 in	 DD,	 with	 little	 or	 no	

dampening	of	rhythmicity	[Veleri	et	al.,	2003].	In	order	to	distinguish	the	effect	from	

the	central	clock,	a	second	per	transgenic	luciferase	reporter,	XLG-luc	was	used,	which	

shows	PER	expression	in	all	known	per-expressing	cells	throughout	the	body,	including	

central	 and	 peripheral	 clocks	 [Veleri	 et	 al.,	 2003].	 However,	 it	 mainly	 reports	 PER	

signals	in	peripheral	oscillators	because	of	the	small	number	of	central	clock	neurons	

in	 the	 brain	 compared	 to	 thousands	 of	 clock	 cells	 in	 the	 rest	 of	 the	 body.	 Though	

bioluminescence	signal	in	XLG-luc	flies	dampens	rapidly	in	DD,	its	high-level	expression	

of	PER	can	help	identify	whether	clock	gene	is	expressing,	especially	when	PER	level	is	

presumably	low	in	pre-adult	stages.	

	

Table	2-1.	Characteristics	of	Different	Luciferase-reporter	Lines	

	

Name	 Gene	 Signal	Level	 Remarks	

8.0-luc	 period	 Very	low	 Robust	in	DD	 A	subset	of	neurons	in	
the	brain	

Almost	the	entire	per	coding	
region,	no	5’-UTR	

XLG-luc	 period	 High	 Rapidly	
dampen	in	DD	

Most	per-expressing	
cells	

Almost	the	entire	per	coding	
region,	plus	per	promotor	

tim-luc	 timeless	 Very	high	 Dampen	in	DD	 tim	5’-UTR	(RNA	rhythms)		
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Fly	Stocks	including	wild	type	and	transgenic	lines	were	reared	on	growth-media	(Carolina,	

USA)	 loaded	 in	standard	plastic	vials.	Fruit	 flies	were	kept	at	12:12	LD	cycles	with	a	

constant	temperature	of	25˚C.	During	LD	cycles,	Zeitgeber	time	(ZT)	is	defined	as	light	

on	at	8am	NZST	(ZT0)	and	light	off	at	8pm	NZST	(ZT12).	

	

Developmental	Stages	were	recorded	daily	by	monitoring	 individual	 fruit	 flies	reared	 in	

separate	wells	of	clear	96-well	microplates	(Greiner	Bio-one).	The	growth	environment	

of	 these	 flies	 were	 identical	 to	 those	 going	 through	 bioluminescence	 assay	 and	

locomotor	activity	monitoring.		
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2.4.3	Measurement	of	Clock	Gene	Expression		

	

Bioluminescence	Assay	uses	luciferase	as	a	real-time	reporter	of	gene	expression	in	vivo,	

making	 the	 continuous	 monitoring	 of	 clock	 gene	 levels	 in	 living	 animals	 possible	

[Stanewsky	et	al.,	1997].	The	advantages	of	this	technique	include	short-interval	and	

long-term	measurements,	as	well	as	time-series	data	collected	from	a	single	live	animal.	

Methods	 for	 directly	 measuring	 gene	 expression	 include	 Northern	 blots,	 RNase	

protection	 assays,	 quantitative	 real-time	 reverse	 transcription	 polymerase	 chain	

reaction	(RT-PCR),	as	well	as	techniques	used	for	protein	and	enzyme	levels	detection,	

all	require	the	sacrifice	of	animals	at	different	circadian	times.	Consequently,	it	is	not	

practical	to	trace	gene	expression	at	short	enough	intervals	and	over	long	enough	time	

to	 accurately	 reflect	 the	 key	 parameters	 of	 circadian	 oscillation.	 Furthermore,	 it	 is	

impossible	 to	 analyse	 molecular	 rhythms	 within	 an	 individual	 organism	 over	 time	

[Stanewsky,	2007;	Yu	and	Hardin,	2007].	

	

The	substrate	luciferin	for	the	enzyme	reaction	can	be	easily	administered	to	live	flies	by	

adding	it	to	their	food,	or	to	isolated	fly	tissues	by	adding	it	directly	to	their	culture	

media	 [Stanewsky,	 2007;	 Yu	 and	 Hardin,	 2007].	 It	 has	 been	 reported	 that	 live	

Drosophila	embryos	can	absorb	 luciferin	when	 immersed	 in	 the	 luciferin-containing	

solution	for	only	5	minutes	[Akiyoshi	et	al.,	2014].	
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Real-time	 bioluminescence	 recording	 of	 per	 was	 conducted	 as	 described	 previously	

[Stanewsky,	2007]	and	illustrated	in	Figure	2-4.	Individual	eggs	were	collected	within	

four	hours	of	being	laid	in	DD	and	transferred	into	a	single	well	of	white	opaque	96-

well	microplates	(Greiner	Bio-one)	under	100-lux	white	light.	Minimal	light	was	used	

because	eggs	cannot	be	distinguished	under	DD	with	the	aid	of	infrared	night	vision	

equipment	 or	 under	 red	 light.	 This	 short-term	 operation	 falls	 in	 the	 first	 half	 of	

embryonic	 stage,	 when	 neither	 the	 molecular	 clock	 or	 its	 light-response	 has	

established	according	to	our	 (refer	 to	Results	and	Discussion)	and	previous	 findings	

[Houl	 et	 al.,	 2008].	 Each	 well	 contained	 growth-media	 fortified	 with	 D-Luciferin,	

Potassium	salt	(15mM),	and	those	without	animals	were	used	as	controls.	Plates	were	

loaded	into	a	Multimode	Plate	Reader	(EnSpire,	PerkinElmer)	kept	inside	an	incubator	

(Percival	 Scientific	 Inc,	 USA)	 and	 subjected	 to	 DD	 or	 light	 cycles	 (LD	 12:12).	

Bioluminescence	levels	emanating	from	each	well	were	recorded,	from	the	embryonic	

stage	onward.	Experiments	were	conducted	for	20	days	at	25°C	and	10	days	at	16°C.	

The	shorter	duration	at	the	lower	temperature	encompassed	the	embryonic	and	early	

larval	stages	which	were	the	primary	focus	of	the	study.	
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Figure 2-4. Bioluminescence Assay Conducted in Early Developmental Drosophila

The recording of clock gene expression started from embryonic stage. Individual eggs were

collected in large vials within four hours of being laid by fertilized females and transferred into

every other well of white opaque 96-well microplates. Each well contained growth-media fortified

with luciferin. Plates were sealed with plastic films and loaded into a Multimode Plate Reader.
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2.4.4	Monitoring	of	Locomotor	Activity	

	

Drosophila	 Activity	 Monitoring	 (DAM)	 System	 was	 used	 for	 continuously	 recording	

locomotor	activity	of	fruit	flies.	This	device	is	based	on	using	the	interruption	of	a	beam	

of	 infrared	 light	 to	 record	 the	 locomotor	activity	of	 individual	 flies	contained	 inside	

small	tubes	[Zordan	et	al.,	2007;	Chiu	et	al.,	2010].		

		

Eggs	of	wild	type	fruit	flies	were	collected	in	standard	vials	after	being	laid	all	under	DD	

with	the	aid	of	infrared	night	vision	equipment.	Flies	from	one	group	were	kept	in	DD	

during	the	entire	experiment,	and	other	groups	were	given	a	12-hour	1000	lux	light	

pulse	at	different	developmental	times	within	embryonic	and	early	larval	stages.	When	

a	particular	group	of	flies	was	under	light	treatment,	the	other	groups	were	kept	 in	

darkness	simultaneously	(Figure	2-5).	Experiments	were	conducted	at	25°C	and	16°C	

respectively.	Locomotor	activity	of	flies	was	monitored	automatically	using	Trikinetics	

Drosophila	Activity	Monitors	(Waltham,	MA,	USA),	as	previously	described	[Zordan	et	

al.,	2007].	On	the	days	before	eclosion,	with	the	aid	of	infrared	night	vision	equipment	

in	 DD,	 individual	 pupae	 were	 transferred	 into	 glass	 tubes	 (8	 cm	 long	 and	 5	 mm	

diameter)	with	growth	media	at	one	end,	sealed	with	plastic	plugs,	and	plugged	with	

cotton	at	the	other	end.	Locomotor	activity,	temperature	and	relative	humidity	were	

recorded	every	five	minutes	for	at	least	seven	days	in	DD.	
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Figure 2-5. The Light-pulse Regimen in Early Developmental Drosophila
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Groups of wild type flies kept in DD at either 25℃ or 16℃ were given light treatment during early

development. Flies from group A and group E were kept in DD during the entire experiment, and

other groups were given a 12-hour light pulse at different developmental times within embryonic

and early larval stages as illustrated. When a particular group of flies was under light treatment,

the other groups were kept in darkness simultaneously.
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2.4.5	Data	Analysis	

	

Data	were	shown	in	mean	and	standard	error	(Mean	±	SEM).	ClockLab	(Actimetrics,	USA)	

was	used	to	analyse	for	free-running	periods	(tau),	phases	and	rhythmicity	strength	of	

wild	type	flies’	 locomotor	activity	in	DD.	Lomb-Scargle	periodogram	in	ClockLab	and	

MetaCycle [Wu	et	al.,	2016]	were	used	for	the	analysis	of	periodicity	and	rhythmicity	

of	bioluminescence	signals,	and	P<0.05	were	considered	rhythmic.	Bioluminescence	

data	were	normalised	by	a	moving	average	of	six	hours,	as	described	by	Levine	et	al	

[Levine	et	al.,	2002].		

	

As	the	phases	of	PER	expression	in	individual	flies	(both	8.0-luc	and	XLG-luc)	raised	in	DD	

do	not	necessarily	synchronize,	rhythms	of	PER	expression	were	aligned	post-hoc	at	

the	data	analysis	stage.	This	was	achieved	by	manually	aligning	the	acrophase	of	flies	

across	the	recording	time.	To	ensure	that	no	larval	signal	was	incorrectly	assumed	to	

be	an	embryonic	signal,	we	chose	a	cut-off	of	embryonic	expression	to	be	24-hour	(as	

this	is	the	standard	developmental	time	of	embryos	at	25°C).	
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2.5	Results	

	

2.5.1	Clock	Gene	Period	Expression	in	the	Central	Clock	During	Early	Development	

	

To	measure	PER	expression	in	subsets	of	the	central	clock	neurons	we	used	8.0-luc	flies,	

which	express	a	PER-luciferase	fusion	protein	 in	the	dorsal	neuronal	clusters	(DN1-3)	

and	 the	 LNd	 [Veleri	 et	 al.,	 2003;	 Yoshii	 et	 al.,	 2009].	 During	 the	 20-day	 continuous	

recording	 at	 25°C,	 starting	 with	 8.0-luc	 embryos,	 we	 found	 that	 71.3%	 of	 8.0-luc	

individuals	(n=108)	showed	the	start	of	rhythmic	PER	expression	from	the	embryonic	

stage	onwards	in	DD	(p<0.05).	Oscillations	in	the	remaining	individuals	did	not	reach	

significance	 (Figure	 2-6).	 Similarly,	 during	 the	10-day	 continuous	 recording	 at	 16°C,	

87.8%	of	8.0-luc	 flies	 (n=41)	 showed	the	start	of	 rhythmic	PER	expression	 from	the	

embryonic	stage	onwards	in	DD	(p<0.05).	Oscillations	in	the	remaining	individuals	did	

not	 reach	 significance	 (Figure	 2-7).	 At	 this	 lower	 temperature,	 where	 embryonic	

developmental	time	is	doubled,	clear	peaks	of	PER	expression	occurred	after	24	hours	

and	 48	 hours,	 demonstrating	 that	 the	 molecular	 clock	 starts	 operating	 during	

embryogenesis.	 Because	 rhythmic	 PER	 expression	 in	 flies	 reared	 in	 DD	 was	 not	

synchronized	with	each	other	at	either	temperature,	we	manually	synchronized	the	

signals	by	aligning	their	acrophases	and	grouped	them	as	an	average	signal,	to	visualise	

rhythmicity.	At	25°C,	grouped	PER	expression	during	embryonic	stage	(24	hours)	and	

early	larval	stage	(stages	1	and	2)	were	emphasized	and	shown	(Figure	2-6A),	with	a	

tau	of	23.1-hour.	At	16°C,	grouped	PER	expression	during	embryonic	stage	(48	hours)	
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and	1st	larval	stage	(48	hours)	were	emphasized	and	shown	(Figure	2-7A),	with	a	tau	

of	25.1-hour.	

	 	



Figure 2-6.  Bioluminescence Time-series Data of Individual 8.0-luc Fruit Flies 
Measured in DD at 25℃
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Individual bioluminescence counts per second (CPS) is plotted by six-hour moving average as grey

lines, and synchronized by acrophases and averaged as red lines. Control is the average signal

from wells contained only luciferin-media without any flies under the same condition, as black

lines. Corresponding developmental stages are shown. (A) Synchronized PER expression in 8.0-

luc (n=77) during embryonic and early larval stages of the first 72 hours after fertilization,

periodogram displays significant circadian rhythm (Lomb-Scargle, p<0.05) with a 23.1-hour tau,

and (B) from the embryo until adult of the first 20 days after fertilization shows cyclic expression

with a mean period of 23.9±0.13 hours, as show in the box and whisker plot.
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Figure 2-7.  Bioluminescence Time-series Data of Individual 8.0-luc Fruit Flies 
Measured in DD at 16℃

Individual bioluminescence CPS is plotted by six-hour moving average as grey lines, and

synchronized by acrophases and averaged as red lines. Control is the average signal from wells

contained only luciferin-media without any flies under the same condition, as black lines.

Corresponding developmental stages are shown. (A) Synchronized PER expression in 8.0-

luc (n=36) during embryonic and early larval stages of the first 96 hours after fertilization,

periodogram displays significant circadian rhythm (Lomb-Scargle, p<0.05) with a 25.1-hour tau,

and (B) from the embryo until larva of the first 10 days after fertilization shows cyclic expression

with a mean period of 24.2±0.19 hours, as show in the box and whisker plot.
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2.5.2	Clock	Gene	Period	Expression	in	the	Peripheral	Clocks	During	Early	Development	

	

After	 observing	 these	per	 expression	patterns	 at	 the	 central	 clock	 level,	we	decided	 to	

further	study	how	PER	oscillations	develop	at	the	peripheral	clocks	level.	In	order	to	

distinguish	the	effect	from	the	central	clock,	a	second	per	luciferase-reporter	line,	XLG-

luc	was	used,	which	is	expressed	in	all	known	per-expressing	cells	throughout	the	adult	

body	[Veleri	et	al.,	2003].		

	

Again	because	 rhythmic	PER	expression	 in	 flies	 reared	 in	DD	was	not	 synchronized,	we	

manually	 synchronized	 the	 signals	 by	 aligning	 their	 acrophases	 at	 25°C.	During	 the	

continuous	 20-day	 and	 10-day	 XLG-luc	 recording	 at	 25°C	 or	 16°C,	 respectively,	 we	

found	that	PER	started	to	rise	during	the	embryonic	stage.	All	of	the	embryos	kept	in	

DD	(n=68)	and	in	LD	(n=67)	at	25°C	showed	this	increase	of	PER	signal	(Figure	2-8	&	2-

9).	 The	 rise	 in	 PER	 peaked	 at	 the	 pupae	 and	 then	 decreased,	 phase	 differences	

between	DD	and	LD	records	most	likely	were	caused	by	manual	phase	sorting	of	the	

DD	records	to	aid	recognition	of	rhythmic	PER	expression	(see	Methods	Section	2.4.5	

for	 details).	 Importantly	 no	 oscillations	 were	 evident	 during	 this	 first	 rise	 of	 PER.	

Subsequently	PER	began	to	increase	again	after	eclosion	and	at	this	time	also	began	to	

cycle	with	tau	of	22.9	hours	in	DD	and	with	period	of	23.9	hours	in	LD.	The	strength	of	

rhythmicity	of	the	bioluminescence	oscillations	was	more	robust	 in	LD	compared	to	

DD	as	expected.	At	16°C,	PER	expression	in	XLG-luc	(n=14	in	DD	and	n=82	in	LD)	beings	

to	rise	from	the	embryonic	until	larval	stage	without	oscillations	(Figure	2-10).	



Figure 2-8.  Bioluminescence Time-series Data of Individual XLG-luc Fruit Flies 
Measured in DD at 25℃
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Individual bioluminescence CPS is plotted by six-hour moving average as grey lines and averaged

as red lines. Control is the average signal from wells contained only luciferin-media without any

flies under the same condition, as black lines. Y-axis is rescaled to better show the first increase of

signal in embryo and the pattern of rhythmicity in adult. Corresponding developmental stages are

shown. Synchronized PER expression in XLG-luc (n=68) begins to rise from the embryo until it

reaches a peak at the pupa. The signal decreases in pupal stage and rises again and begins to cycle

with a 22.9-hour tau (Lomb-Scargle, p<0.05) from the adult stage. No oscillation is detected in the

increasing signal from embryonic and larval stages in DD.
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Figure 2-9.  Bioluminescence Time-series Data of Individual XLG-luc Fruit Flies 
Measured in LD Cycles at 25℃
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as red lines. Control is the average signal from wells contained only luciferin-media without any

flies under the same condition, as black lines. Y-axis is rescaled to better show the first increase of

signal in embryo and the pattern of rhythmicity in adult. Corresponding developmental stages are

shown. Synchronized PER expression in XLG-luc (n=67) shows a similar pattern to those in DD

(Figure 2-8) with oscillations beginning in adult with a period of 23.9 hours (Lomb-Scargle,

p<0.05). No oscillation is detected in the increasing signal from embryonic and larval stages in LD

cycles.
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Figure 2-10.  Bioluminescence Time-series Data of Individual XLG-luc Fruit Flies 
Measured at 16℃

B
io

lu
m

in
e

sc
e

n
ce

 (
C

P
S)A

B
io

lu
m

in
e

sc
e

n
ce

 (
C

P
S)B

Time (day) Period (hour)

Individual bioluminescence CPS is plotted by six-hour moving average as grey lines and averaged

as red lines. Control is the average signal from wells contained only luciferin-media without any

flies under the same condition, as black lines. Y-axis is rescaled to better show the first increase of

signal in embryo. Corresponding developmental stages are shown. PER expression in (A) DD and in
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2.5.3	 Synchronized	 Behavioural	 Rhythms	 in	 Adult	 Flies	 Exposed	 to	 Light	 Early	 in	

Development	

	

The	results	from	the	above	experiments	indicated	the	existence	of	a	functional	clock	in	the	

embryos,	 thus	we	attempted	 to	confirm	this	by	 testing	whether	 light	given	at	 such	

early	developmental	 stages	had	an	effect	on	 the	phase	of	adult	 locomotor	activity.	

Groups	of	wild	type	flies	kept	in	DD	were	given	light	treatment	at	different	times	of	

development	 (Figure	 2-5).	We	 found	 that	 the	 locomotor	 activity	 of	 individual	 flies	

raised	 in	DD	was	not	 synchronized	 at	 either	 25°C	or	 16°C.	 The	probability	 that	 the	

distribution	 of	 individual	 phases	 within	 a	 population	 is	 random	 was	 calculated	 by	

Rayleigh’s	 test.	 Probabilities	 for	 flies	 reared	 in	 DD	 being	 synchronized	 were	 not	

significant	 indicating	 random	 distribution	 (p>0.05).	 Flies	 which	 received	 light-

treatment	 at	 the	 first	 half	 of	 embryonic	 stage	 showed	 desynchrony	 at	 both	

temperatures,	in	contrast,	those	that	had	received	light-treatment	at	the	second	half	

of	embryonic	stage	and	early	larval	stage	showed	synchronized	distributions	of	phases	

(Figure	2-11).	Despite	the	fact	that	the	group	of	flies	kept	in	DD	was	never	exposed	to	

light	 during	 their	 early	 development,	 they	 showed	 rhythmic	 locomotor	 activity	 as	

adults	similar	to	all	the	light-treated	groups	(Table	2-2).	

	 	



Figure 2-11.  The Circular Distributions of the Locomotor Activity Acrophases, Average Actograms 
and Periodograms at (A) 25°C on the Left Panel and (B) 16°C on the Right Panel
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One group per panel was under DD throughout the experiment, 12-

hour light pulses were administrated to other groups during

different timing of early development. Black dots around the 24-

hour clock faces indicate the timing of acrophase of every single fly

in the same group. The mean phase of each population is shown by

the angle of the radius with 95% confidence intervals. Double-

plotted actograms are averaged from flies in each group. (A) The

animals kept in DD for the entire experiment (n=28) and given light

pulses at the first 12-hour development (embryo, n=34) show

random distributions (p=0.48 and p=0.35, respectively), with

arrhythmic average actograms supported by periodograms. Light

pulses given during the second 12-hour (embryo, n=38) and third

12-hour development (larva, n=35) both show significantly

concentrated distributions (p<0.001), with rhythmic average

actograms supported by periodograms (Chi-square, p<0.05). (B) The

animals kept in DD for the experiment (n=43) show random

distributions (p=0.08). Light pulses given on the first (embryo, n=48)

and second (embryo, n=45) 12-hour development both show

random distributions (p=0.82 and p=0.67, respectively), with arrhythmic

average actograms supported by periodograms. Light pulses given on the

third (embryo, n=42), fourth (embryo, n=54) and fifth (larva, n=47) 12-

hour development all show significantly concentrated distributions

(p=0.003, p=0.01 and p=0.03, respectively), with rhythmic average

actograms supported by periodograms (Chi-square, p<0.05).
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Table	2-2.	Free-running	Periods	and	Rhythmicity	Among	DD	and	Light-treated	Flies	

	

Temperature	 Groups	 N	 Rhythmicity	 Tau	(hours)	 Amplitude	 FFT*	

25°C	

DD	 38	 73.7%	 24.3±0.07	 3563.1±251.2	 0.05±0.007	

Embryo	0-12	hours	 39	 87.2%	 24.2±0.07	 3449.6±202.6	 0.06±0.007	

Embryo	12-24	hours	 40	 95.0%	 24.2±0.07	 4322.9±268.3	 0.07±0.007	

Larva	0-12	hours	 39	 89.7%	 24.3±0.04	 4201.4±331.6	 0.08±0.009	

16°C	

DD	 54	 79.6%	 24.1±0.08	 2442.8±99.8	 0.03±0.005	

Embryo	0-12	hours	 56	 85.7%	 24.1±0.09	 2218.1±73.7	 0.03+0.004	

Embryo	12-24	hours	 48	 93.8%	 24.2±0.08	 2356.9±88.1	 0.04±0.004	

Embryo	24-36	hours	 50	 84.0%	 24.1±0.1	 2375.6±101.8	 0.03±0.004	

Embryo	36-48	hours	 60	 90.0%	 24.1±0.07	 2434.4±77.5	 0.03±0.002	

Larva	0-12	hours	 52	 90.4%	 24.1±0.08	 2390.2±124.0	 0.03±0.003	

	

*	24-hour	relative	fast	Fourier	transform	(FFT)	values	were	used	as	a	measure	of	circadian	rhythm	strength	

and	FFT	value	<0.01	was	considered	arrhythmic.	

	 	



The	Development	of	the	Circadian	Clock	
	
	

	

	 82	

	

2.6	Discussion	

	

In	this	study	we	analysed	the	development	of	the	circadian	clock	in	Drosophila	by	utilizing	

luciferase	 reporters	which	 record	 the	essential	 clock	component	PER	 in	 vivo.	 These	

tools	allowed	us	to	monitor	the	expression	of	clock	genes	in	real-time	and	to	keep	track	

of	the	measurement	throughout	the	early	life	of	the	flies.	Here	we	have	shown	that	

the	expression	of	PER	in	peripheral	clocks	starts	in	the	embryos	but	does	not	begin	to	

cycle	until	the	adult	stage.	However,	a	reporter	that	reflects	PER	expression	in	subsets	

of	 central	 clock	 neurons	 only,	 starts	 to	 show	 rhythmic	 circadian	 patterns	 during	

embryogenesis,	 coinciding	 with	 the	 time	 when	 light	 begins	 to	 affect	 the	 clock.	 In	

addition,	and	in	agreement	with	previous	studies,	clock	gene	oscillations	of	PER	as	well	

as	adult	locomotor	activity	rhythms	initiate	without	the	requirement	of	light.	

	

Slowing	down	developmental	speed	by	exposing	embryos	to	constant	16°C	revealed	the	

initiation	of	circadian	PER	expression	from	as	early	as	the	embryonic	stage	in	DD.	PER	

in	8.0-luc	flies	is	specifically	expressed	within	subsets	of	the	DN	and	LNd,	but	not	in	LNv,	

nor	in	peripheral	clock	tissues	in	adults,	which	explains	the	low	bioluminescence	signal	

detected.	We	suggest	that	some	of	the	DN	and/or	LNd	precursor	neurons	may	possess	

a	 functional	 clock	 already	 very	 early	 during	 development.	 On	 the	 basis	 that	 per	

expression	has	been	 reported	 in	DN1	and	s-LNv	during	embryonic	 stages	16	and	17	

[Houl	et	al.,	2008]	which	fall	within	the	second	half	of	embryogenesis	and	that	LNd	only	
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differentiates	in	the	pupal	stage	[Helfrich-Förster	et	al.,	2007],	we	infer	the	signal	from	

8.0-luc	flies	potentially	reflects	embryonic	PER	expression	in	DN1	or	their	precursors.		

	

The	meaning	of	the	early	emergence	of	DN	during	clock	development	is	still	unknown.	In	

adult	Drosophila,	the	significance	of	DN	has	been	shown	in	recent	findings.	Originally,	

the	 DN	 are	 believed	 to	 be	 responsible	 for	 controlling	 the	 laboratory	 crepuscular	

activity	patterns	under	LD	conditions,	but	under	constant	conditions,	they	are	not	able	

to	maintain	rhythmic	locomotor	activity	without	the	LNv	[Veleri	et	al.,	2003;	Helfrich-

Förster	et	al.,	2007].	Nonetheless,	instead	of	traditionally	putting	LNv	in	the	position	of	

principal	circadian	pacemakers,	recent	studies	have	placed	emphasis	on	the	weight	of	

other	groups	of	clock	neurons,	including	DN,	which	are	all	required	for	orchestrating	

bouts	 of	 activity	 [Dissel	 et	 al.,	 2014;	 Yao	 and	 Shafer,	 2014;	 Yao	 et	 al.,	 2016].	

Furthermore,	it	has	been	proposed	that	DN	are	temperature-sensitive	while	s-LNv	are	

temperature-insensitive,	such	that	DN	is	responsible	for	temperature	entrainment	in	

Drosophila	[Barber	and	Sehgal,	2018].	Thus	we	assume	that	DN	may	play	an	important	

role	on	clock	development	and	its	function	during	embryogenesis.	

	

Our	 finding	 that	 a	 12-hour	 light	 pulse	 given	 at	 the	 second	 half	 of	 embryogenesis	 can	

synchronize	 adult	 behavioural	 rhythms	 is	 consistent	 with	 the	 molecular	 result.	 It	

supports	the	idea	that	at	least	some	functional	components	of	the	central	oscillator	

and	 its	 light	 sensitivity	are	present	 from	 the	very	beginning	of	development,	 i.e.	 in	

precursors	of	clock	neurons.	Compared	to	previous	findings,	we	show	that	the	central	

clock	initiates	ticking	at	the	embryonic	stage.	
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Aside	 from	 the	 identified	 central	 clock	 neurons	 during	 early	 development,	 studies	 on	

peripheral	clock	development	has	attracted	less	attention.	It	has	been	revealed	that	a	

significant	non-cyclic	expression	of	per	mRNA	initiates	in	mid-late	developing	embryos,	

which	 is	 limited	to	the	midline	of	the	nervous	system	[James	et	al.,	1986;	Liu	et	al.,	

1988;	Houl	et	al.,	2008;	Ruiz	et	al.,	2010].	This	is	consistent	with	our	finding	that	PER	

expression	begins	from	the	embryos	but	does	not	oscillate	in	either	DD	or	LD	at	the	

whole	animal	level.	However,	the	linearly	increasing	expression	from	embryo	to	larva	

is	different	from	previous	reports,	which	have	shown	low	expression	in	larval	stage	and	

its	re-emergence	at	the	mid-pupal	stage	[Liu	et	al.,	1988].		

	

In	the	embryos	and	larvae,	PER	began	to	cycle	in	the	8.0-luc	flies,	while	a	non-cyclic	increase	

was	observed	 in	XLG-luc	 flies,	 suggesting	 that	 central	 neuronal	 oscillations	 of	 clock	

gene	expression	 initiate	prior	to	those	 in	peripheral	clocks.	Because	XLG-luc	 reports	

PER	expression	in	both	central	and	peripheral	cells,	we	cannot	exclude	that	some	of	

the	signal	may	come	from	the	central	clock	neurons.	However,	of	the	total	number	of	

approximate	300	per-expressing	cells	in	the	CNS	during	embryogenesis,	among	which	

only	maximum	20	are	defined	as	central	clock	neurons	[Ruiz	et	al.,	2010].	It	suggests	

that	 the	 XLG-luc	 signal	 mainly	 indicates	 the	 periphery.	 Of	 course,	 the	 absence	 of	

circadian	 rhythms	 in	 the	 whole	 animal	 level	 does	 not	 exclude	 the	 possibility	 that	

individual	 tissues	or	cells	have	already	oscillated	during	early	development	 [Dekens	

and	Whitmore,	 2008;	 Dolatshad	 et	 al.,	 2010],	 presumably	 out-of-phase	 with	 each	

other.	We	further	infer	that	PER	is	expressed	within	different	peripheral	clocks	around	

the	body,	which	could	be	cyclic	or	non-cyclic,	but	not	synchronized	at	the	whole	animal	
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level	before	eclosion.	Because	of	the	non-synchronized	PER	expression	in	LD	cycles,	

our	 results	 also	 suggest	 that	 photoreceptors	 in	 peripheral	 clocks	 have	 not	 fully	

developed	before	the	adult	stage.	This	is	supported	by	a	recent	finding	that	although	

expression	of	Cryptochrome	exists	in	certain	larval	peripheral	tissue	but	not	others,	it	

lacks	 the	 function	which	mediates	 light-entrainment	 in	both	 central	 and	peripheral	

clocks	in	adult	Drosophila	[Agrawal	et	al.,	2017].	This	is	different	from	the	vertebrate	

system	where	cells	 in	zebrafish	are	sensitive	to	and	can	be	synchronized	by	 light	at	

early	 embryonic	 stage,	while	 in	 the	 adult	 peripheral	 clocks	 of	 both	Drosophila	 and	

zebrafish	are	directly	light-sensitive	[Tamai	et	al.,	2005].			

	

The	cyclic	expression	of	PER	at	the	whole	animal	level	in	early	adult	suggests	that	a	mature	

clock	system,	including	the	entrainable	central	clock	and	the	synchronized	peripheral	

clocks,	is	functioning	from	the	point	of	eclosion	onward.	Previous	works	suggest	that	

a	 number	 of	 pacemaker	 neurons	 do	 not	 initiate	 rhythmic	 PER	 expression	 until	 the	

pupal	 development	 [Kaneko	 et	 al.,	 1997;	 Kaneko	 and	 Hall,	 2000;	 Liu	 et	 al.,	 2015].	

Furthermore,	two	groups	of	lateral	neurons	LNd	and	l-LNv	differentiate	no	earlier	than	

in	pupal	stage	[Helfrich-Förster	et	al.,	2007].	Combined	with	the	finding	that	one	of	the	

novel	visual	projection	neurons	can	only	be	identified	during	pupae	[Yan	et	al.,	2013],	

it	implies	that	a	well-equipped	circadian	system	is	established	after	eclosion.	

	

One	of	the	important	features	of	the	circadian	clock	is	that	it	is	endogenous.	The	current	

developmental	study	shows	that	in	certain	species,	such	as	Drosophila,	the	circadian	

clock	is	able	to	develop	and	mature	without	the	requirement	of	entraining	stimuli	such	
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as	light	[Sehgal	et	al.,	1992].	In	our	study	light	exposure	did	not	initiate	or	speed	up	the	

development	of	the	circadian	clock	or	change	the	clock	gene	expression	level,	but	it	

synchronized	 the	 phases	 among	 individual	 flies.	 This	 is	 consistent	with	mammalian	

clocks	which	can	start	synchronized	oscillations	within	an	individual	independently	of	

Zeitgebers,	 and	 independently	 of	 a	 functional	 maternal	 circadian	 clock	 [Jud	 and	

Albrecht,	2006].	It	also	shares	similarity	with	clocks	in	zebrafish	which	can	initiate	but	

not	synchronize	without	light	[Dekens	and	Whitmore,	2008].	

	

A	single	light	pulse	given	during	the	embryonic	stage	in	the	current	study,	or	during	the	

larval	 stage	 in	 previous	 studies	 [Kaneko	 et	 al.,	 2000],	 is	 able	 to	 synchronize	 adult	

rhythmic	behaviour.	One	possible	explanation	is	a	“time-memory”	which	implies	the	

special	ability	of	the	clock	to	memorise	such	stimuli	and	manifest	it	later	in	life,	when	

the	clock	becomes	more	mature	[Kaneko	et	al.,	2000].	The	direction	and	magnitude	of	

phase	shifts	of	locomotor	activity	has	been	shown	to	be	different	between	wild	type	

and	fast-clock	pershort	mutants,	suggesting	the	involvement	of	per	in	the	regulation	of	

developmental	 “time-memory”	 [Kaneko	 et	 al.,	 2000].	 However	 a	 reasonable	

assumption	is	that,	at	some	point	during	early	adult	stages,	synchronization	between	

different	clock	cells	is	under	control	of	an	as	yet	undescribed	intrinsic	mechanism.	So	

in	summary,	rather	than	a	time-memory,	it	is	possible	that	the	central	clock	is	‘set’	by	

the	initial	light	but	lacks	of	the	power	to	synchronize	the	majority	of	peripheral	clocks,	

thus	the	circadian	system	throughout	the	body	free-runs	until	adulthood.		
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2.7	Conclusion	

	

An	 important	 role	 of	 the	 circadian	 clock	 in	 the	 regulation	 of	 development	 has	 been	

reported	[Kyriacou	et	al.,	1990;	Kumar	et	al.,	2006;	Vallone	et	al.,	2007].	For	instance,	

although	known	clock	null	mutants	such	as	per01	[Konopka	and	Benzer,	1971]	and	tim01	

[Sehgal	 et	 al.,	 1994]	 show	 no	 destructive	 impact	 on	 development,	 tissue-specific	

knock-down	of	clock	genes	can	block	larval	development	thus	leading	to	lethality	[Di	

Cara	and	King-Jones,	2016].	In	this	study	we	place	emphasis	on	the	development	of	

the	circadian	clock	 itself.	 It	 is	assumed	that	 the	development	of	 the	circadian	clock	

should	be	in	accordance	with	the	sequential	and	precise	developmental	process	of	the	

entire	organism.	As	a	consequence,	the	circadian	clock	is	thought	to	develop	as	the	

whole	body	develops,	in	a	gradual	way	[Vallone	et	al.,	2007].	In	a	number	of	diverse	

species,	circadian	clock	maturity	is	beautifully	lined	up	with	the	needs	of	the	animal	at	

various	life	stages	and	developmental	milestones,	such	as	perinatal	stage	in	mammals	

[Vallone	et	al.,	2007],	and	in	Drosophila	as	our	results	suggest.		

	

Through	the	new	application	of	established	luciferase-reporter	techniques,	we	show	that	

cyclic	clock	gene	expression,	presumably	in	precursors	of	dorsal	clock	neurons	occurs	

during	 the	 embryonic	 stage,	 which	 is	 earlier	 than	 previously	 thought.	 Light	 is	 not	

required	to	start	the	clock	but	it	can	synchronize	the	clock	as	early	as	in	the	embryos,	

also	earlier	 than	previously	 thought.	 In	 total,	 the	early	cyclic	expression	of	PER	and	
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light-entrainable	behaviour	in	this	study	suggest	that	key	components	of	the	circadian	

clock	are	present	from	the	very	beginning	of	life	(Figure	2-12).	

	

There	are	of	course	other	players	apart	from	per	that	make	up	the	clock	and	we	cannot	

conclude	from	the	present	study	when	these	components	develop	in	relation	to	per.	

It	 is	 not	 hard	 to	 imagine	 that	 these	 factors	 interact	 to	 control	 the	 running	 of	 the	

circadian	 system	 and	 some	 may	 play	 additional	 roles	 in	 controlling	 development.	

Future	studies	may	put	emphasis	on	developmental	details	 in	 individual	pacemaker	

neurons,	perhaps	by	performing	 simultaneous	 recordings	of	developmental	events,	

behavioural	rhythms	and	clock	gene	expression	in	the	same	animal.	
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3.1	Abstract	

	

The	circadian	clock	ages	as	animals	grow	old,	however,	findings	about	how	aging	affects	

the	molecular	oscillator	 is	still	unclear.	We	aimed	to	study	how	the	aged	molecular	

clock	 at	 both	 central	 and	 peripheral	 levels	 changes	 intrinsically	 under	 constant	

conditions,	and	also	to	investigate	how	it	would	be	affected	by	regular	entrainment.	

Here	we	recorded	the	expression	of	two	key	clock	genes	in	young	(10-day-old),	middle-

aged	 (30-day-old)	 and	 old	 (50-day-old)	 Drosophila	 melanogaster	 using	 transgenic	

luciferase-reporter	 lines	 measuring	 period	 and	 timeless	 in	 vivo.	 We	 found	 that	 in	

constant	darkness,	PERIOD	expression	in	the	central	clock	dorsal	neurons	in	aged	fruit	

flies	stayed	as	robust	as	in	young	ones.	In	contrast	to	central	expression	of	PERIOD,	

PERIOD	and	TIMELESS	rhythms	in	the	peripheral	tissues	throughout	the	body	showed	

reduction	 in	both	expression	 level	 and	 rhythmicity	with	advancing	age.	 It	has	been	

reported	that	under	strong	entrainment	cues	such	as	temperature-coupled	light-dark	

cycles,	the	age-related	deterioration	of	circadian	behavioural	rhythms	can	be	rescued.	

Nonetheless,	 we	 found	 no	 corresponding	 increase	 of	 clock	 gene	 expression	 under	

light-dark	 cycles	 (12:12	 at	 25°C)	 or	 temperature-coupled	 light-dark	 cycles	 (12-hour	

light	at	25°C	and	12-hour	darkness	at	21°C).	Therefore,	our	results	demonstrate	that	

an	aged	molecular	clock	still	functions	well	at	the	central	level	but	declines	gradually	

at	the	peripheral	level,	despite	strong	environmental	entrainment.		
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3.2	Introduction	

	

Aging	 is	 the	 intrinsic,	 inevitable,	 and	 currently	 irreversible	 process	 of	 functional	

deterioration	 which	 consequently	 leads	 to	 the	 loss	 of	 viability	 [Fonseca	 Costa	 and	

Ripperger,	 2015].	 The	 circadian	 clock	 is	 affected	 by	 time,	 showing	 progressive	

disturbance	with	advancing	age	[Nakamura	et	al.,	2015;	Banks	et	al.,	2016].	The	effect	

of	aging	on	the	circadian	clock	is	believed	to	be	highly	conserved	among	humans	and	

other	animals	[Kondratova	and	Kondratov,	2012].		

	

It	has	been	widely	observed	that	the	decline	of	circadian	output	rhythms	is	a	prominent	

signature	 of	 aging	 in	 fruit	 flies	 and	 mammals,	 including	 humans.	 In	 humans,	 the	

changes	in	circadian	output	signals	associated	with	aging	include	the	reduction	of	the	

amplitude	and	earlier	timing	of	phase	of	the	circadian	rhythms,	both	evident	in	body	

temperature	and	sleep-wake	cycle	[Weinert	and	Waterhouse,	2007;	Brown	et	al.,	2011;	

Duffy	et	al.,	2015;	Banks	et	al.,	2016],	as	well	as	a	disruption	of	quantity	and	quality	of	

nocturnal	 sleep	 [Arellanes-Licea	 et	 al.,	 2014;	 Hood	 and	 Amir,	 2017].	 Mammalian	

studies	on	aging	demonstrate	changes	in	the	free-running	period,	the	phase,	and	the	

strength	of	 rhythmicity	which	have	been	 reported	 in	body	 temperature,	 locomotor	

activity	patterns,	and	drinking	behaviour	[Froy,	2011;	Nakamura	et	al.,	2015].	Similarly,	

prolonged	 free-running	 period,	 decline	 in	 sleep	 consolidation	 and	 the	 overall	 rest-

activity	rhythm	strength,	have	been	revealed	in	Drosophila	[Koh	et	al.,	2006;	Umezaki	

et	al.,	2012].	
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Aside	from	downstream	overt	rhythms,	there	is	also	evidence	for	age-related	changes	in	

circadian	 organization	 at	 various	 levels,	 including	 alterations	 in	 the	 function	 of	 the	

molecular	 oscillators,	 the	 neuroanatomical	 structures,	 and	 the	 transmission	 and	

responsiveness	 to	 light	 [Duffy	 et	 al.,	 2015].	 Among	 all,	 the	 phase	 resetting	 of	 the	

circadian	 system	 by	 light	 is	 inevitably	 affected	 by	 aging	 due	 to	 impaired	 light	

perception	 and	 transmission,	 as	 well	 as	 reduced	 sensitivity	 [Arellanes-Licea	 et	 al.,	

2014].	 Several	 studies	 also	 demonstrate	 impairment	 of	 photic	 re-entrainment	 at	

different	 levels.	 At	 the	 behavioural	 level,	 old	 animals	 require	 a	 greater	 number	 of	

transitory	cycles	after	a	phase	shift.	At	 the	central	 level,	 there	 is	an	 increase	of	 the	

cycles	 required	 for	 re-synchronization	 of	 the	 suprachiasmatic	 nucleus	 (SCN)	 with	

increasing	age	[Arellanes-Licea	et	al.,	2014].	At	the	peripheral	level,	organs	such	as	the	

esophagus,	lung	and	thymus	gland	are	slower	to	be	entrained	to	a	shifted	light-dark	

(LD)	schedule	in	old	animals	[Sellix	et	al.,	2012].	In	addition,	experimental	jet	lag	has	

been	reported	to	produce	abnormal	phase	changes	in	aged	peripheral	clocks	but	not	

in	young	ones	[Tahara	et	al.,	2017].	

	

How	the	mechanism	of	molecular	clock	and	its	gene	properties	change	during	aging	are	

less	 well	 known	 [Rakshit	 et	 al.,	 2012;	 Giebultowicz	 and	 Long,	 2015].	 Moreover,	

whether	aging	 is	associated	with	defects	 in	 the	central	clock,	or	degradation	of	 the	

peripheral	 clocks,	 or	 loss	 of	 effective	 synchronization,	 is	 still	 a	 question	 without	

confirmative	answer.		
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First,	 it	 is	unclear	whether	the	central	oscillator	is	affected	by	aging,	 in	such	case	causal	

links	between	clock	gene	expression	patterns	at	the	central	level	and	age-associated	

disturbance	in	circadian	rhythms	cannot	been	conclusively	demonstrated.	For	instance,	

it	 has	 been	 reported	 that	 in	 the	 central	 clock	 neurons	 PERIOD	 (PER)	 is	 robustly	

expressed	 in	synchrony	among	different	clock	neurons	 in	aged	flies,	 including	small	

ventral	lateral	neurons	(s-LNv),	dorsal	lateral	neurons	(LNd),	and	dorsal	neurons	1	(DN1)	

[Luo	et	al.,	2012].	However,	this	is	challenged	by	the	finding	that	PER	and	TIMELESS	

(TIM)	oscillations	in	almost	all	central	clock	cell	groups	deteriorate	with	advancing	age,	

including	 large	ventral	 lateral	neurons	 (l-LNv),	 s-LNv,	 LNd,	DN1	and	dorsal	neurons	2	

(DN2)	[Umezaki	et	al.,	2012].	In	addition,	studies	performed	in	aged	mammals	show	

conflicting	results	with	either	normal	or	reduced	expression	of	various	clock	genes	in	

the	 SCN	 of	 different	 species	 [Froy,	 2011;	 Nakamura	 et	 al.,	 2015],	 aside	 from	 a	

consistent	 age-related	decline	 in	expression	of	Bmal1	 and	a	 consistent	 lack	of	 age-

related	change	in	the	expression	of	Period1	(Per1)	[Banks	et	al.,	2016].		

	

In	particular,	results	of	Period2/PERIOD2	(Per2/PER2)	expression	(same	gene)	in	aged	mice	

(same	species)	from	different	studies	are	inconsistent.	Age-related	reduction	has	been	

found	 in	Per2	mRNA	measured	by	 in	situ	hybridization	 in	vitro	 in	 free-running	aged	

male	mice	(approximate	15	months)	[Weinert	et	al.,	2001],	nonetheless,	only	minor	

deficits	 of	 PER2	 expression	 measured	 by	 both	 immunohistochemistry	 and	

bioluminescence	 in	 vitro	 have	 been	 shown	 in	 free-running	 aged	male	mice	 (13-16	

months)	[Nakamura	et	al.,	2011].	The	amplitude	of	PER2::LUC	rhythms	in	vitro	differs	

slightly	under	LD	conditions	yet	drops	markedly	under	constant	darkness	(DD)	in	aged	
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male	mice	(13-15	months)	[Nakamura	et	al.,	2015].	While	Per2	rhythms	measured	in	

old	male	and	female	Per2Luc	mice	(24-26	months)	in	vitro,	the	difference	is	not	notable	

under	both	DD	and	LD	[Polidarová	et	al.,	2017].	

	

Secondly,	the	findings	of	aged	molecular	clock	at	the	peripheral	level	are	more	consistent	

in	Drosophila.	A	study	published	 in	2000	has	demonstrated	that	aging	 is	associated	

with	 reduced	 amplitude	 of	 circadian	 clock	 gene	 expression	 throughout	 the	 animal	

[Driver,	2000].	Further,	period	(per)	mRNA	oscillations	[Krishnan	et	al.,	2009]	as	well	as	

per,	timeless	(tim)	and	cryptochrome	(cry)	at	both	mRNA	and	protein	levels	[Luo	et	al.,	

2012;	Rakshit	and	Giebultowicz,	2013]	have	been	reported	to	reduce	in	heads	of	old	

flies.	 Accordingly,	 per	 promoter	 bioluminescence	 activity	 is	 found	 to	 reduce	 in	

peripheral	clocks	throughout	the	fly	body	[Luo	et	al.,	2012].	One	of	the	interesting	facts	

lies	in,	despite	the	reduction	of	PER	and	TIM,	their	negative-feedback	transcriptional	

activators	CLOCK-CYCLE	complexes	are	still	impaired	with	increasing	age.	Such	result	

suggests	 that	aging	attenuates	the	core	properties	of	 the	transcriptional	clock	 from	

both	the	positive	and	the	negative	limbs	[Rakshit	et	al.,	2012].		

	

Even	 though	most	 results	 in	Drosophila	 studies	 indicate	molecular	 decline	 at	 the	 gross	

peripheral	level,	different	tissues	or	body	parts	seem	to	react	to	aging	differently.	For	

example,	 transcriptional	 oscillations	 of	per	and	 tim	have	been	proved	 to	 reduce	 in	

heads	but	not	bodies	of	aged	flies	[Rakshit	et	al.,	2012].	As	one	of	the	peripheral	clocks,	

the	 retinal	 photoreceptor	 cells	 in	 the	 compound	 eyes	 of	 old	 flies	 show	 reduced	

expression	of	PER,	yet	that	is	not	the	case	for	another	peripheral	clock,	i.e.,	Malpighian	
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tubules,	in	which	strong	PER	oscillations	has	been	observed	[Giebultowicz	and	Long,	

2015].		

	

The	tissue-dependent	changes	of	clock	gene	expression	with	advancing	age	is	even	more	

prominent	 in	mammalian	 peripheral	 clocks.	 Based	 on	 existing	 data,	 age-associated	

decline	 of	 rhythmic	 clock	 gene	 activity	 has	 been	 observed	 in	 some	 but	 not	 all	

peripheral	oscillators	in	mammals.	The	circadian	expression	profiles	of	clock	gene	Per1,	

Per2,	or	Cryptochrome1	(Cry1)	mRNA	measured	by	reverse	transcription	polymerase	

chain	 reaction	 (RT-PCR)	 in	 vitro	 are	 similar	 between	 young	 and	 aged	 rats	 (22-26	

months)	in	the	peripheral	tissues	(the	paraventricular	nucleus	(PVN)	and	pineal	gland)	

[Asai	 et	 al.,	 2001].	 This	 finding	 is	 supported	by	 subsequent	 studies	 showing	almost	

identical	 clock	 genes	Per2	 and	Bmal1	 expression	 by	 using	 similar	method	between	

young	and	aged	mice	(15	months)	in	the	peripheral	organs	(the	brain,	heart	and	liver)	

[Oishi	et	al.,	2011],	and	normal	Per1	and	Per2	mRNA	in	aged	mice	(>18	months)	in	the	

peripheral	organs	 (the	kidney,	 liver	and	submandibular	gland)	 [Tahara	et	al.,	2017].	

Further,	these	three	peripheral	clocks	measured	in	PER2::LUC	aged	mice	(>18	months)	

in	vivo	exhibit	normal	oscillation	amplitudes	under	LD	cycles	and	DD	conditions	[Tahara	

et	 al.,	 2017].	 In	 a	 study	 using	 Per1	 bioluminescence	 reporter	 in	 vitro,	 circadian	

rhythmicity	in	some	peripheral	tissues	(the	PVN,	pineal	gland,	arcuate	nucleus,	cornea,	

pituitary,	kidney	and	 liver)	 in	aged	rats	 (24-26	months)	are	 found	to	be	unaffected,	

whereas	some	tissues	(the	retrochiasmatic	area	and	lung)	are	disturbed	[Yamazaki	et	

al.,	 2002].	 In	addition,	amplitude,	phase	and	expression	 level	of	CLOCK	and	BMAL1	

revealed	by	immunohistochemistry	in	vitro	in	a	number	of	extra-SCN	regions	(the	PVN,	
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arcuate	 and	 dorsomedial	 nuclei	 of	 the	 hypothalamus,	 amygdala	 and	 hippocampus)	

alter	in	a	tissue-dependent	manner	in	aged	mice	(16	months)	[Wyse	and	Coogan,	2010].	

In	a	human	study,	consistent	effects	of	aging	on	the	circadian	pattern	of	PERIOD1	(PER1)	

and	PER2	expression	have	been	found	in	post-mortem	brain	samples	(the	prefrontal	

cortex)	collected	from	old	(>60	years)	and	young	(<40	years)	subjects,	showing	a	phase	

advance	and	an	amplitude	reduction	[Chen	et	al.,	2016].		

	

We	infer	that	current	evidence	of	the	age-related	changes	of	the	molecular	oscillators	and	

their	clock	gene	properties	seem	not	to	be	convincing	enough	to	explain	the	overall	

decline	of	the	circadian	clock,	at	either	the	central	or	peripheral	level.	The	effects	of	

aging	on	behavioural	and	molecular	rhythmicity	are	likely	to	be	complex,	it	is	assumed	

to	be	the	results	of	decline	at	several	levels	of	the	circadian	clock	organization	(Figure	

3-1).	
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Figure 3-1. Overview of Existing Findings on the Aging of the Circadian Clock 

Aging can affect any components within the circadian system, including the input pathway, the

molecular clockwork, and the output rhythms. Among each, impairment may occur at different

loci and to different extent. Although presumably no party can escape the influence of aging, the

weight of contribution should be diverse. The age-related decline in light entrainment as well as in

various parameters of overt rhythms have been reported, yet the changes of the clock gene

expression at the central and peripheral levels are still unclear.
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3.3	Objectives		

	

Here	we	aimed	to	investigate	how	the	molecular	clock,	in	the	brain	and	in	the	peripheral	

tissues,	changes	intrinsically	with	increasing	age	under	constant	conditions.	We	also	

examined	whether	strong	entrainment	cues,	such	as	LD	cycles	and	LD	coupled	with	

temperature	 cycles,	 rescue	 age-related	 functional	 decline	 of	 the	 clock.	 By	 using	

luciferase	 reporters,	 we	 were	 able	 to	 measure	 real-time	 expression	 of	 clock	 gene	

products	PER	and	TIM	 in	young,	middle-aged,	and	old	Drosophila	 for	a	 long	enough	

duration	of	time.		
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3.4	Methods	

	

3.4.1	Experimental	Design	

	

Figure	3-2.	Experimental	Design	of	the	Aging	Study	

	

In	order	to	compare	the	molecular	clock	at	both	central	and	peripheral	levels	in	young	and	aged	Drosophila,	

clock	 gene	 expression	 in	 flies	 with	 different	 age	 was	 measured	 by	 bioluminescence	 assay	 for	 10	 days	

continuously,	under	three	conditions	including	DD,	LD	cycles	(12:12,	white	bars	indicate	lights	on	and	black	

bars	indicate	lights	off))	with	constant	temperature	at	25°C,	and	LD	coupling	temperature	cycles	(light	on	at	

25°C	and	light	off	at	21°C).	 	
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3.4.2	Animal	Model	

	

Drosophila	 transgenic	 luciferase-reporter	 lines	 8.0-luc,	 XLG-luc	 and	 tim-luc	 (refer	 to	

Chapter	Two,	Section	2.4.2)	were	reared	on	growth-media	(Carolina,	USA)	loaded	in	

standard	plastic	vials.	Flies	were	kept	at	12:12	LD	cycles	with	a	constant	temperature	

of	25˚C.	During	LD	cycles,	Zeitgeber	time	(ZT)	is	defined	as	light	on	at	8am	NZST	(ZT0)	

and	light	off	at	8pm	NZST	(ZT12).	Young	(10-day-old),	middle-aged	(30-day-old)	and	old	

(50-day-old)	mated	male	flies	were	used,	all	flies	with	different	ages	were	kept	under	

identical	circumstances.		

	

We	 used	 both	 8.0-luc	and	 XLG-luc	 lines	 to	measure	 PER	 expression.	8.0-luc	 specifically	

reflects	PER	expression	in	subsets	of	the	central	clock	dorsal	neuronal	clusters	(DN1-3)	

and	LNd	[Veleri	et	al.,	2003;	Yoshii	et	al.,	2009].	XLG-luc	reflects	PER	expression	in	all	

known	 per-expressing	 cells	 throughout	 the	 body,	 including	 central	 and	 peripheral	

tissues	[Veleri	et	al.,	2003].	XLG-luc	is	mainly	indicative	of	peripheral	clocks	because	of	

the	small	number	of	central	clock	neurons	compared	to	thousands	of	clock	cells	in	the	

rest	 of	 the	 body.	 A	 similar	 rule	 applies	 to	 tim-luc,	 which	 therefore	 reflects	 TIM	

expression	in	peripheral	clocks	[Beaver	et	al.,	2002;	Giebultowicz	et	al.,	2000].	
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3.4.3	Measurement	of	Clock	Gene	Expression		

	

Transgenic	 flies	 for	 real-time	 bioluminescence	 recording	 of	 clock	 gene	 per	 and	 tim	

expression	were	used	in	this	study,	as	described	previously	 in	Chapter	Two	(Section	

2.4.3)	and	illustrated	in	Figure	3-3.	Individual	flies	were	transferred	into	a	single	well	

of	 white	 opaque	 96-well	 microplates	 (Greiner	 Bio-one).	 Plates	 were	 loaded	 into	 a	

Multimode	 Plate	 Reader	 (EnSpire,	 PerkinElmer)	 kept	 inside	 an	 incubator	 (Percival	

Scientific	Inc,	USA).	Experiments	were	conducted	in	DD,	LD	cycles	(12:12)	at	constant	

temperature	(25°C),	and	LD	cycles	(12:12)	coupled	with	temperature	cycles	(light	on	at	

25°C	and	light	off	at	21°C),	respectively.	

	

	 	



96-well Plate 
(side-view)

Ice

Drosophila Standard Vials

PCR Caps

96-well Plate 
with Flies

Film

Luciferin-mixed Media
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Figure 3-3. Bioluminescence Assay Conducted in Adult Drosophila

Individual adult flies with known age were immobilized on ice and transferred into every other

well of white opaque 96-well microplates. Each well contained growth-media fortified with

luciferin. Flies were covered with PCR caps to limit their activity impact on bioluminescence signal

recording. Plates were sealed with plastic films and loaded into a Multimode Plate Reader.

PCR: polymerase chain reaction

Drosophila 
melanogaster
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3.4.4	Data	Analysis	

	

Data	were	shown	in	mean	and	standard	error	(Mean	±	SEM).	Statistical	significance	of	the	

amplitude	and	acrophase	of	time	series	data	among	young,	middle-aged	and	old	flies	

were	determined	using	two-way	ANOVA	with	Bonferroni’s	post-hoc	test	[Rakshit	et	al.,	

2012].		
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3.5	Results	

	

3.5.1	Age-related	Changes	of	Clock	Genes	Period	Expression	 in	Central	and	Peripheral	

Clocks	and	Timeless	Expression	in	Peripheral	Clocks	Under	DD		

	

We	analysed	the	amplitude	and	acrophase	of	bioluminescence	signal	of	each	day	to	show	

the	rhythmicity	and	level	of	clock	gene	expression,	respectively.	 In	DD	the	rhythmic	

PER	expression	at	central	level	in	8.0-luc	middle-aged	and	old	flies	was	comparable	to	

that	 in	 the	young	 flies	with	 robust	oscillations	 (Figure	3-4),	 showing	no	decrease	 in	

either	rhythmicity	or	expression	level.	In	contrast,	both	amplitude	and	acrophase	of	

PER	at	peripheral	level	in	XLG-luc	(Figure	3-5)	and	TIM	in	tim-luc	(Figure	3-6)	middle-

aged	and	old	flies	were	significantly	lower	than	corresponding	young	ones,	showing	

age-dependent	 decline	 in	 both	 rhythmicity	 and	 expression	 level.	 Despite	 that	 the	

consumption	of	luciferin	(substrate)	led	to	the	decay	of	signal	within	each	age	group,	

by	comparing	the	signal	from	different	age	groups	at	the	same	time	point,	the	effect	

of	aging	on	clock	gene	expression	was	still	evident.		

	

	 	



Figure 3-4. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) 8.0-luc Fruit Flies in DD
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Bioluminescence counts per second (CPS) is plotted as average of raw counts at 30-minute

intervals. Data are shown as mean ± SEM with error bars at each time point. 10-day cohort equals

black lines and columns, 30-day cohort equals mid-grey lines and columns, and 50-day cohort

equals light-grey lines and columns. 8.0-luc (reporting PER in the dorsal neurons, central clock) 30-

day cohort shows higher PER amplitude and acrophase than 10-day and 50-day cohorts (p<0.001

in all), and there is no difference between 10-day and 50-day cohorts (p=1.00 in both amplitude

and acrophase).



Figure 3-5. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) XLG-luc Fruit Flies in DD
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Bioluminescence CPS is plotted as average of raw counts at 30-minute intervals. Data are shown

as mean ± SEM with error bars at each time point. 10-day cohort equals black lines and columns,

30-day cohort equals mid-grey lines and columns, and 50-day cohort equals light-grey lines and

columns. XLG-luc (reporting PER in the whole animal, peripheral clocks) 30-day and 50-day

cohorts show lower PER amplitude and acrophase compared to 10-day cohort (p<0.001 in all), 50-

day is lower than 30-day cohort (p=0.02 in amplitude and p=0.001 in acrophase).



Figure 3-6. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) tim-luc Fruit Flies in DD
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Bioluminescence CPS is plotted as average of raw counts at 30-minute intervals. Data are shown

as mean ± SEM with error bars at each time point. 10-day cohort equals black lines and columns,

30-day cohort equals mid-grey lines and columns, and 50-day cohort equals light-grey lines and

columns. Tim-luc (reporting TIM in the whole animal, peripheral clocks) 30-day and 50-day

cohorts show lower TIM amplitude and acrophase compared to 10-day cohort (p<0.001 in all),

and 50-day is lower than 30-day cohort in acrophase (p<0.001) but not in amplitude (p=0.70).
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3.5.2	Age-related	Changes	of	Clock	Genes	Period	Expression	 in	Central	and	Peripheral	

Clocks	and	Timeless	Expression	in	Peripheral	Clocks	Under	LD	and	LD/temperature	

Cycles	

	

In	order	to	test	the	influence	of	entrainment	cues	on	this	age-related	effect,	flies	were	kept	

under	regular	LD	cycles	with	constant	temperature	and	LD	coupled	with	temperature	

cycles	respectively.	In	LD	and	LD/temperature	cycles	the	rhythmic	PER	expression	at	

central	level	in	8.0-luc	middle-aged	and	old	flies	was	comparable	to	that	in	the	young	

flies	with	 robust	oscillations	 (Figure	3-7	&	3-10).	 Similar	 to	 that	 shown	 in	DD,	both	

amplitude	and	acrophase	of	PER	expression	at	peripheral	level	in	XLG-luc	(Figure	3-8)	

and	TIM	expression	at	peripheral	level	in	tim-luc	(Figure	3-9)	middle-aged	and	old	flies	

were	 significantly	 lower	 than	 corresponding	young	ones	 in	 LD.	Both	amplitude	and	

acrophase	of	PER	expression	 in	XLG-luc	 (Figure	3-11)	and	TIM	expression	 in	 tim-luc	

(Figure	3-12)	old	 flies	were	 significantly	 lower	 than	corresponding	middle-aged	and	

young	ones	in	LD/temperature	cycles.		

	 	



Figure 3-7. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) 8.0-luc Fruit Flies in LD Cycles 
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White bars represent lights on and black bars indicate lights off. Bioluminescence CPS is plotted as

average of raw counts at 60-minute intervals. Data are shown as mean ± SEM with error bars at

each time point. 10-day cohort equals black lines and columns, 30-day cohort equals mid-grey

lines and columns, and 50-day cohort equals light-grey lines and columns. The 8.0-luc 30-day and

50-day cohorts show higher PER amplitude than 10-day cohort (p<0.001 and p=0.001,

respectively). There is no difference between 30-day and 50-day cohorts in amplitude (p=1.00).

30-day cohort shows higher PER acrophase than 10-day and 50-day cohorts (p<0.001 and p=0.02,

respectively), and there is no difference between 10-day and 50-day cohorts (p=1.00).



Figure 3-8. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) XLG-luc Fruit Flies in LD Cycles 
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White bars represent lights on and black bars indicate lights off. Bioluminescence CPS is plotted as

average of raw counts at 60-minute intervals. Data are shown as mean ± SEM with error bars at

each time point. 10-day cohort equals black lines and columns, 30-day cohort equals mid-grey

lines and columns, and 50-day cohort equals light-grey lines and columns. The XLG-luc 30-day and

50-day cohorts show lower PER amplitude and acrophase compared to 10-day cohort (p<0.001 in

all), 50-day is lower than 30-day cohort (p<0.001 in amplitude and p=0.001 in acrophase).



Figure 3-9. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) tim-luc Fruit Flies in LD Cycles 
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White bars represent lights on and black bars indicate lights off. Bioluminescence CPS is plotted as

average of raw counts at 60-minute intervals. Data are shown as mean ± SEM with error bars at

each time point. 10-day cohort equals black lines and columns, 30-day cohort equals mid-grey

lines and columns, and 50-day cohort equals light-grey lines and columns. The tim-luc 30-day and

50-day cohorts show lower TIM amplitude and acrophase compared to 10-day cohort (p<0.001 in

all), 50-day is lower than 30-day cohort in amplitude (p<0.001) but not in acrophase (p=0.11).
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Figure 3-10. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) 8.0-luc Fruit Flies in LD/temperature Cycles
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Lights on at 25°C and lights off at 21°C. Bioluminescence CPS is plotted as average of raw counts

at 60-minute intervals. Data are shown as mean ± SEM with error bars at each time point. 10-day

cohort equals black lines and columns, 30-day cohort equals mid-grey lines and columns, and 50-

day cohort equals light-grey lines and columns. The 8.0-luc 50-day cohort shows higher PER

amplitude and acrophase than 10-day and 30-day cohorts (p<0.001 in all). 30-day is higher than

10-day cohort in acrophase (p=0.03) but not in amplitude (p=1.00).



Figure 3-11. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) XLG-luc Fruit Flies in LD/temperature Cycles
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Lights on at 25°C and lights off at 21°C. Bioluminescence CPS is plotted as average of raw counts

at 60-minute intervals. Data are shown as mean ± SEM with error bars at each time point. 10-day

cohort equals black lines and columns, 30-day cohort equals mid-grey lines and columns, and 50-

day cohort equals light-grey lines and columns. The XLG-luc 30-day and 50-day cohorts show

lower PER amplitude and acrophase compared to 10-day cohort (p<0.001 in all), 50-day is lower

than 30-day cohort (p<0.001 in both amplitude and acrophase).



Figure 3-12. Mean Bioluminescence Time-series Data From Young (10-day), 
Middle-aged (30-day) and Old (50-day) tim-luc Fruit Flies in LD/temperature Cycles
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Lights on at 25°C and lights off at 21°C. Bioluminescence CPS is plotted as average of raw counts

at 60-minute intervals. Data are shown as mean ± SEM with error bars at each time point. 10-day

cohort equals black lines and columns, 30-day cohort equals mid-grey lines and columns, and 50-

day cohort equals light-grey lines and columns. The tim-luc 50-day cohort shows lower TIM

amplitude and acrophase compared to 10-day and 30-day cohorts (p<0.001 in all), 30-day group is

lower than 10-day cohort in acrophase (p<0.001) but not in amplitude (p=1.00).
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3.6	Discussion	

	

In	our	investigation	of	the	effect	of	aging	on	the	endogenous	clock,	we	found	a	reduction	

in	both	amplitude	and	acrophase	of	PER	and	TIM	expression	rhythms	throughout	the	

body	in	Drosophila	with	advancing	age.	This	change	in	gene	expression	largely	reflects	

the	 decline	 of	 circadian	 clock	 function	 instead	 of	 the	 loss	 of	 cell	 numbers	 or	 body	

composition.	Drosophila	body	mass	is	believed	to	be	generally	constant	across	all	ages	

(from	15	days	to	65	days)	[Lane	et	al.,	2014],	except	for	a	remarkable	decrease	in	the	

first	seven	days	after	eclosion	and	in	extremely	old	flies	[Djawdan	et	al.,	1996].	It	has	

been	 reported	 that	middle-aged	male	 flies	 show	a	 lengthened	 free-running	period,	

reduced	activity	level	and	diminished	rhythm	strength	in	comparison	with	young	flies	

[Umezaki	et	al.,	2012].	We	conclude	that	the	reduction	in	expression	and	rhythmicity	

of	 clock	 genes	per	and	 tim	 is	 responsible	 for	 the	 decay	 of	 the	 circadian	 pattern	 of	

activity	in	aged	animals.	This	theory	is	further	supported	by	gene	manipulation	studies	

[Giebultowicz	and	Long,	2015],	in	which	over-expression	of	clock	gene	in	specific	clock	

neurons	can	partially	rescue	behavioural	rhythms	and	shortened	free-running	period	

in	old	flies	[Umezaki	et	al.,	2012].	

	

There	are	two	possible	reasons	for	this	result	in	overall	reduction	of	clock	gene	expression	

with	increasing	age,	a	weakened	signal	from	the	central	clock	or	the	disruption	of	the	

peripheral	oscillators.	We	found	that	robust	molecular	oscillations	of	PER	persist	in	the	

dorsal	neurons	(DN1-3	and	LNd)	of	the	central	clocks.	This	is	consistent	with	a	previous	
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finding	of	robust	PER	cycling	in	s-LNv,	LNd	and	DN1	[Luo	et	al.,	2012],	but	different	to	

Umezaki’s	2012	study	in	which	the	amplitude	of	PER	and	TIM	expression	deteriorated	

with	 advancing	 age	 in	 central	 clock	 cell	 groups	 (l-LNv,	 s-LNv,	 LNd,	 DN1	 and	 DN2)	

[Umezaki	et	al.,	2012].	Our	finding	supports	the	idea	that	a	functional	central	oscillator	

is	 still	 intact	 in	 aged	 Drosophila.	 Interestingly,	 solid	 evidence	 showing	 molecular	

changes	from	the	SCN	is	also	lacking	despite	the	central	clock	structures	are	different	

between	insects	and	mammals	[Froy,	2011;	Nakamura	et	al.,	2015;	Banks	et	al.,	2016].	

	

We	infer	that	the	effect	of	aging	is	on	the	peripheral	level	rather	than	the	central	level.	We	

showed	reduction	in	PER	and	TIM	expression	without	the	total	loss	of	rhythmicity	in	

peripheral	clocks	throughout	the	fly	bodies,	which	is	in	accord	with	previous	findings	

in	the	fly	heads	[Krishnan	et	al.,	2009;	Luo	et	al.,	2012;	Rakshit	et	al.,	2012].	Although	

restoration	 of	 CRYPTOCHROME	 (CRY)	 expression	 in	 all	 clock	 cells	 can	 significantly	

enhance	 molecular	 and	 behavioural	 disturbance	 in	 old	 flies	 as	 well	 as	 delay	

physiological	aging,	overexpression	of	CRY	in	central	clock	neurons	alone	has	no	such	

effect	[Giebultowicz	and	Long,	2015].	It	again	suggests	that	peripheral	clocks	play	an	

active	role	in	the	progress	of	age-related	clock	decline.	Moreover,	there	are	findings	

showing	that	some	peripheral	oscillators	also	dampen	with	increasing	age	in	mammals	

[Mattis
	
and	Sehgal,	2016],	with	reduced	expression	or	weakened	rhythmicity	of	several	

clock	genes	and/or	their	protein	products	in	certain	extra-SCN	regions	[Froy,	2011].		

	

Together	 it	 points	 out	 an	 important	 fact	 that	 peripheral	 clocks	 are	 more	 likely	 to	 be	

targeted	by	aging	and	possibly	contribute	to	age-associated	decline.	The	underlying	
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mechanism	 is	 still	 unclear	 but	 the	 observed	 dampening	 signal	 of	 PER	 and	 TIM	

expression	can	correspond	to	a	loss	of	circadian	rhythmicity	in	individual	cells	or	to	a	

desynchronization	among	cells	within	the	peripheral	network.	An	increased	tendency	

towards	internal	and	external	desynchronization	has	been	reported	to	be	a	common	

feature	 of	 aging	 cellular	 networks	 [Farajnia	 et	 al.,	 2012].	 Desynchrony	 among	

peripheral	clocks	may	be	explained	by	multi-oscillator	theory	and	the	impairment	of	

the	coupling	mechanism	in	old	age	[Weinert	and	Weinert,	1998;	Yamazaki	et	al.,	2002].		

	

Since	 loss	 of	 synchronization	 could	 be	 the	main	 cause	 for	 the	 peripheral	 decline,	 one	

strategy	 to	 repair	 the	 damaged	 network	 is	 by	 strengthening	 of	 entrainment.	

Nonetheless,	 this	 way	 is	 also	 challenged	 by	 the	 potential	 impairment	 of	 the	 input	

pathway,	 because	 entrainment	 and	 re-entrainment	 abilities	 are	 also	 compromised	

with	advancing	age	[Liu	and	Chang,	2017].	Evidence	in	mammals	suggests	that	aged	

animals	have	a	less	sensitive	clock	to	entrainment	signals	[Froy,	2011],	such	as	tissue-

specific	decline	of	reactions	to	light	[Tahara	et	al.,	2017].		

	

Correspondingly,	we	tested	whether	strong	entrainment	cues	can	improve	the	decline	of	

molecular	clocks	in	aged	Drosophila.	We	used	LD	cycles	and	temperature-coupled	LD	

cycles	 to	 try	 reversing	 the	 deterioration	 of	 the	 clock	 in	 peripheral	 oscillators.	 The	

disturbance	of	the	input	pathway	may	be	a	possible	explanation	why	in	these	older	

flies	the	clock	cannot	be	effectively	entrained	by	light	or	temperature.	A	previous	study	

has	reported	that	LD	cycles	alone	is	not	sufficient	to	rescue	disturbance	of	locomotor	

activity	in	aged	flies,	but	the	use	of	LD	(12:12)	coupling	temperature	cycles	(25°C/21°C)	
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turns	out	to	be	effective	[Luo	et	al.,	2012].	Our	finding	suggests	a	clock-independent	

temperature	 effect	 may	 be	 involved.	 Lower	 temperatures	 (such	 as	 21°C)	 prolong	

longevity	in	Drosophila	and	slow	down	the	age-associated	sleep	decline,	likely	through	

non-circadian	mechanisms	[Koh	et	al.,	2006;	Shaw	et	al.,	2008].		
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3.7	Conclusion	

	

Aged	 animals	 commonly	 exhibit	 significant	 changes	 in	 circadian	organization	which	 are	

evident	 at	 various	 levels:	 the	 overt	 rhythmicity	 of	 different	 variables	 becomes	

imprecise	 or	 fragmented,	 and	 there	 are	 alterations	 in	 the	 function	 of	 the	 central	

pacemaker	and	peripheral	oscillators,	particularly	their	network	properties.	Here	we	

study	the	aged	clock	and	report	that	on	the	basis	of	a	well-functioning	central	clock,	

there	 is	 a	 descending	 trend	 of	 clock	 gene	 products	 PER	 and	 TIM	 expression	 with	

advancing	 age	 in	 peripheral	 clocks	 under	 constant	 condition	 and	 even	 strong	

entrainment	(Figure	3-13).	Of	course,	because	the	aging	process	does	not	impact	all	

oscillatory	tissues	in	a	uniform	manner,	studies	in	the	future	will	focus	on	not	only	the	

system-level	 alterations	 but	 also	 changes	within	 individual	 oscillatory	 tissues,	 even	

individual	cells.	

	

Since	 it	 lies	 in	 the	 fact	 that	 the	peripheral	 clocks	 are	 seriously	 affected	by	 aging,	more	

emphasis	 should	 be	 placed	 on	 these	 local	 oscillators.	 Through	 the	 vast	 amount	 of	

circadian	biology	 that	 they	 control,	 peripheral	 clocks	doubtlessly	play	an	 important	

role	in	daily	physiology.	Specific	disruption	of	clocks	in	peripheral	tissues	can	create	a	

wide	range	of	pathologies	[Marcheva	et	al.,	2013],	including	glucose	intolerance	and	

diabetes,	atherosclerosis,	and	defects	in	renal	and	cardiac	function	[Brown	and	Azzi,	

2013].	In	addition,	dampening	of	peripheral	rhythms	is	presumed	to	contribute	to	the	

increased	risk	of	metabolic	diseases	in	the	elderly	[Hood	and	Amir,	2017].		
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On	the	other	side	of	the	coin,	robust	and	entrained	circadian	rhythms	could	potentially	

lead	 to	 better	 health	 and	 increased	 longevity	 [Froy,	 2011].	 We	 have	 proved	 that	

Zeitgebers	such	as	light	or	temperature	or	even	the	combination	of	these	two	are	not	

sufficient	to	reset	the	aged	peripheral	clocks	in	Drosophila,	where	light	is	an	important	

Zeitgeber	 for	 the	 entrainment	 of	 peripheral	 clocks.	 In	 mammals,	 food	 is	 a	 more	

efficient	agent	to	entrain	the	peripheral	clocks	thus	timed	food	delivery	could	serve	as	

effective	means	to	resynchronize	circadian	timing	in	old	individuals.	It	has	also	been	

reported	that	aged	peripheral	clocks	become	more	sensitive	to	food	stimuli,	making	it	

an	even	more	ideal	entrainment	for	aged	subjects	[Tahara	et	al.,	2017].	A	number	of	

studies	have	shown	that	regular	routines	of	mealtime	and	exercise	improve	circadian	

consolidation	 in	 elderly	 individuals,	 addition	 with	 light	 regimen,	 these	 timing	 cues	

might	help	substitute	for	the	loss	of	internal	desynchrony	[Brown	et	al.,	2011].	Thus,	

non-pharmacological	interventions	such	as	well-organized	lifestyle,	diet	modification,	

and	 regular	 exercise	 should	 be	 underlined	 for	 their	 effect	 on	 strengthening	 and	

maintaining	synchrony	of	the	circadian	system	[Cornélissen	and	Otsuka,	2017].	
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Figure 3-13. Overview of New Findings on the Aging of the Circadian Clock  

Based on our findings from the current aging study in Drosophila, the central molecular clockwork

is still robustly ticking in aged flies while an overall decline has been shown in the peripheral

tissues throughout the body. A broken network is likely to be the underlying mechanism. The

strategy of strong entrainment fails to rescue the peripheral deterioration, thus the impairment of

the input pathway is implicated. Finally, the changes of the molecular clock may answer for the

behavioural disruption with increasing age.
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4.1	Abstract	

	

The	circadian	clock	ages	and	eventually	deteriorates	but	 findings	on	how	the	molecular	

clock	alters	before	death	are	rare.	We	aimed	to	study	how	the	circadian	clock	changes	

prior	to	death	by	continuous	recording	the	expression	of	two	key	clock	genes	period	

and	timeless	in	vivo	in	Drosophila	melanogaster	until	the	last	days	of	life.	We	reported	

a	novel	marker	of	imminent	death	in	the	expression	of	the	clock	gene	TIMELESS.	In	the	

days	immediately	preceding	death,	TIMELESS	expression	increased	to	at	least	150%	of	

previous	 acrophase	 values	 (88.0%	of	 n=217)	 and	 circadian	 rhythmicity	 in	 TIMELESS	

expression	disappeared.	 Importantly	this	marker	 in	the	expression	of	TIMELESS	was	

not	age	dependent	and	predicted	death	equally	well	in	fruit	flies	of	different	ages	and	

under	 light	and	temperature	cycles.	We	consider	 this	 transient	aberrant	clock	gene	

expression	 to	 be	 the	 central	mechanism	 of	 the	 disturbance	 in	 circadian	 behaviour	

before	death	(82.7%	of	n=342).	 In	conclusion,	the	circadian	clock	breaks	down	days	

before	 death,	 resulting	 in	 arrhythmic	 activity	 as	 well	 as	 arrhythmic	 increase	 of	

expression	of	clock	genes.	
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4.2	Introduction	

	

Death	is	the	cessation	of	biological	functions	that	maintain	homeostasis	and	sustain	a	living	

organism	[Pozhitkov	and	Noble,	2017].	It	was	proposed	a	century	ago	that	only	multi-

cellular	animals	have	the	concept	of	“natural	death”	because	unicellular	organisms	are	

known	to	be	immortal	[Pearl,	1922].	The	death	of	an	animal	means	that	its	systems,	

organs,	tissues,	and	cells	stop	functioning	as	a	whole,	which	implies	that	the	individual	

parts	may	still	be	alive	at	the	time	when	the	body	dies	[Pozhitkov	and	Noble,	2017].	As	

consequence,	studying	death	at	an	entire	animal	level	seems	to	be	a	reasonable	step	

to	start	with.	We	interested	in	the	questions	such	as	what	happens	to	the	circadian	

clock	when	the	animal	is	approaching	death?	In	turn,	how	these	changes	of	the	clock	

contribute	to	the	process	of	death?	

	

Although	the	details	are	currently	not	fully	understood,	increasing	evidence	suggests	that	

the	circadian	clock	is	one	of	the	determinants	of	longevity	[Hood	and	Amir,	2017].	First,	

a	better	functioning	clock	itself	speaks	of	a	longer	lifespan,	supported	by	the	fact	that	

flies	displaying	rhythmic	locomotor	activity	live	longer	than	arrhythmic	ones	[Kumar	et	

al.,	2005].	Secondly,	the	alignment	between	intrinsic	free-running	period	(tau)	and	the	

environmental	 cycles	 is	 a	well-accepted	predictor	of	 lifespan.	 In	 a	word,	organisms	

kept	in	an	environment	that	best	matches	their	internal	circadian	clock	outcompete	

the	 others	 in	 longevity	 from	 the	 study	 of	 cyanobacteria	 [Ouyang	 et	 al.,	 1998]	 and	

Drosophila	[Pittendrigh	and	Minis,	1972;	Klarsfeld	and	Rouyer,	1998].	The	same	rule	
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applies	to	mammals.	Wild	type	mice	with	a	free-running	period	of	approximately	24	

hours	show	reduced	longevity	when	housed	under	artificial	short	days	(T-cycles)	[Park	

et	 al.,	 2012].	 Tau	 mutant	 hamsters	 with	 a	 free-running	 period	 of	 22	 hours	 show	

reduced	 longevity	when	 housed	 in	 24-hour	 light-dark	 (LD)	 cycles	 [Hurd	 and	 Ralph,	

1998].	Naturally,	when	these	mutants	are	kept	either	in	the	constant	darkness	(DD)	or	

under	22-hour	T-cycles,	 longevity	and	health	are	unaffected	[Hurd	and	Ralph,	1998;	

Martino	 et	 al.,	 2008].	 Finally,	 mammalian	 body	 temperature	 which	 is	 dominantly	

regulated	 by	 the	 circadian	 clock	 displays	 a	 complex	 relationship	 with	 longevity.	 In	

general,	reduction	of	body	temperature	usually	indicates	an	increase	of	lifespan	[Keil	

et	al.,	2015].		

	

The	connection	between	the	circadian	clock	and	death	has	been	shown	in	a	few	studies,	

with	clock-controlled	behaviour	changing	before	death.	For	instance,	aged	flies	in	their	

last	days	of	life	have	been	found	to	exhibit	arrhythmicity	in	behaviour	[Luo	et	al.,	2012].	

In	laboratory	mammals,	impairment	of	several	parameters	of	circadian	rhythms,	such	

as	 body	 temperature	 and	 locomotor	 activity,	 is	 considered	 a	marker	 for	 imminent	

death	[Basso	et	al.,	2016].	Several	mammalian	studies	have	shown	a	marked	decrease	

in	 the	 amount	 and	 amplitude	 of	 activity	 as	 well	 as	 a	 loss	 of	 ability	 to	 maintain	

entrainment	under	LD	cycles	as	the	animals	approach	death.	A	number	of	animals	lose	

their	 circadian	 rhythm	 completely	 [Davis	 and	 Viswanathan,	 1998;	 Morin,	 1988;	

Weinert	and	Weinert,	1998].		
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With	general	acceptance	that	decline	of	the	circadian	clock	is	a	reliable	manifestation	of	

aging,	it	is	not	hard	to	imagine	that	collapse	of	the	clock	could	be	a	potential	indicator	

of	death.	Nonetheless,	there	has	been	very	little	investigation	into	the	mechanism	of	

this	phenomenon	prior	to	death.	

	

Presumably,	different	levels	of	the	clock	organization	may	be	involved	in	the	mechanism	

of	death.	 There	 is	 strong	evidence	 showing	 that	 the	 suprachiasmatic	nucleus	 (SCN)	

plays	a	crucial	role	in	aging	and	longevity	in	mammals.	One	of	the	examples	of	this	is	

that	 an	 extended	 lifespan	 has	 been	 observed	 in	 aged	 animals	 given	 foetal	

suprachiasmatic	 implants	which	restore	higher	amplitude	rhythms	[Hurd	and	Ralph,	

1998].	 Aside	 from	 the	 central	 clock	 and	 the	 overt	 rhythms	 it	 controls,	 another	

promising	candidate	 is	 the	molecular	clock	and	 its	property	genes	at	the	peripheral	

level.	 Interesting	 enough,	 system-wide	 knockouts	 of	 clock	 genes	 create	 so-called	

“accelerated	aging”	phenotypes	in	both	Drosophila	and	mice	[Hood	and	Amir,	2017].	

For	instance,	null	mutation	of	the	period	(per)	gene	[Krishnan	et	al.,	2009]	or	timeless	

(tim)	gene	[Vaccaro	et	al.,	2017]	or	cycle	gene	[Hendricks	et	al.,	2003]	in	Drosophila	is	

associated	with	significantly	shorter	lifespan,	as	well	as	impaired	locomotor	rhythms.	

Likewise,	deficiency	of	the	BMAL1	or	CLOCK	protein	significantly	affects	longevity	and	

results	 in	 the	 development	 of	 age-specific	 pathologies,	 such	 as	 sarcopenia,	

osteoporosis	and	cataracts	[Kondratov	et	al.,	2006].	Double	mutants	of	Period1	and	

Period2	 cause	 an	 arrhythmic	 phenotype	 together	with	 premature	 aging	 conditions	

[Lee,	2005].	An	intriguing	idea	is	also	revealed,	that	changes	in	clock	gene	expression	
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may	be	implicated	not	only	in	age-associated	changes	in	circadian	rhythmicity,	but	also	

more	broadly	in	the	processes	of	aging	overall	[Hood	and	Amir,	2017].	

	

A	 recent	 study	 has	 reported	 an	 increase	 of	 specific	 groups	 of	 genes	 after	 death	 in	

vertebrates,	despite	most	of	the	transcripts	(99%)	decrease	in	abundance	with	post-

mortem	time	[Pozhitkov	and	Noble,	2017].	These	genes	are	associated	with	survival	

and	 stress	 compensation,	 such	 as	 heat	 shock,	 hypoxia-related,	 oxidative	 stress,	

immune	 and	 apoptotic	 proteins.	 Others	 are	 associated	 with	 epigenetic	 factors,	

developmental	 control,	 and	 cancer	 [Pozhitkov	 and	 Noble,	 2017].	 Accordingly,	 we	

assume	that	death	is	an	extreme	stress	and	the	ultimate	challenge	for	survival,	so	that	

certain	genetic	regulatory	programs	should	be	activated	to	meet	the	body	needs,	and	

sensible	enough,	are	very	likely	to	start	increasing	before	death.	If	this	is	true,	among	

all	genes,	are	the	clock	genes	chosen	to	be	turned	on	at	the	most	critical	timing?	
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4.3	Objectives	

	

With	the	current	limited	knowledge	of	the	phenomenon	and	possible	mechanism	on	the	

process	 of	 death	 (Figure	 4-1),	we	 aimed	 to	 investigate	 how	 the	molecular	 clock	 in	

Drosophila	 changes	 intrinsically	 before	 death	 under	 constant	 conditions,	 as	well	 as	

under	 entrainment	 cues	 such	 as	 LD	 and	 temperature	 cycles.	 By	 using	 transgenic	

luciferase-reporter	lines,	we	were	able	to	continuously	measure	real-time	expression	

of	clock	gene	products	PERIOD	(PER)	and	TIMELESS	(TIM)	in	Drosophila	until	they	died.	

Meanwhile,	 rhythms	 of	 locomotor	 activity	 of	 wild	 type	 flies	 were	 recorded	 to	

investigate	the	simultaneous	changes	at	the	behavioural	level.	

	 	



Death
Before After

Overt Rhythms
Locomotor Activity

Body Temperature

Loss of Output Rhythmicity Rise of Gene Expression

?

Genes
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Stress Compensation

Development Control
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Figure 4-1. Overview of Existing Findings on Changes of the Clock Before Death  

The disintegration of an organism at the body level leads to the irreversible destiny of death,

when some of the cells and organs might still vital and functional at this stage. A specific group of

genes have been detected to increase shortly after death, yet the meaning is largely unknown.

The loss of circadian rhythms such as behavioural arrhythmicity can be used as markers of

imminent death, though whether the expression of clock genes shows corresponding change

needs to be further explored.
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4.4	Methods	

	

4.4.1	Experimental	Design	

	

Figure	4-2.	Experimental	Design	of	the	Death	Study	

	

In	order	to	find	out	the	molecular	and	behavioural	changes	of	the	circadian	clock	in	Drosophila	before	death,	

behavioural	 rhythms	 of	 wild	 type	 flies	 with	 different	 age	 going	 through	 LD	 entrainment	 and	 DD	 were	

measured	by	DAM	system,	clock	gene	expression	of	transgenic	flies	was	measured	by	bioluminescence	assay	

under	DD,	LD	cycles	with	constant	temperature	and	LD	coupling	temperature	cycles,	respectively.		
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4.4.2	Animal	Model	

	

Drosophila	transgenic	luciferase-reporter	lines	XLG-luc	and	tim-luc	(refer	to	Chapter	Two,	

Section	2.4.2)	and	wild	type	flies	were	reared	on	growth-media	(Carolina,	USA)	loaded	

in	standard	plastic	vials.	Flies	were	kept	at	12:12	LD	cycles	and	at	temperature	25°C,	

and	 transferred	 to	 fresh	vials	once	a	week.	During	 LD	cycles,	Zeitgeber	 time	 (ZT)	 is	

defined	as	light	on	at	8am	NZST	(ZT0)	and	light	off	at	8pm	NZST	(ZT12).	We	used	XLG-

luc	 and	 tim-luc	 flies	 to	 measure	 PER	 and	 TIM	 expression	 in	 peripheral	 tissues,	

respectively.	

	

Flies	were	collected	within	2	days	of	eclosion	and	survival	of	mated	male	flies	in	vials	were	

monitored	until	their	death,	showing	average	longevity	of	50-70	days	at	25°C.	It	was	

consistent	 with	 most	 studies	 reporting	 50-80	 days	 as	 the	 maximum	 lifespan	 of	

Drosophila	in	ordinary	laboratory	circumstance	[Grotewiel	et	al.,	2005].	Young	(10-day-

old),	middle-aged	(30-day-old)	and	old	 (50-day-old)	mated	male	 flies	were	used.	All	

flies	of	different	ages	were	kept	under	identical	circumstances.	
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4.4.3	Measurement	of	Clock	Gene	Expression		

	

Transgenic	 flies	 for	 real-time	 bioluminescence	 recording	 of	 clock	 gene	 per	 and	 tim	

expression	were	used	in	this	study,	as	described	previously	in	Chapter	Three	(Section	

3.4.3).	 Individual	 flies	 were	 transferred	 into	 a	 single	 well	 of	 white	 opaque	 96-well	

microplates	 (Greiner	 Bio-one).	 Plates	 were	 loaded	 into	 a	 Multimode	 Plate	 Reader	

(EnSpire,	 PerkinElmer)	 kept	 inside	 an	 incubator	 (Percival	 Scientific	 Inc,	 USA).	

Experiments	were	conducted	in	DD,	LD	cycles	(12:12)	at	constant	temperature	(25°C),	

and	LD	cycles	(12:12)	coupled	with	temperature	cycles	(light	on	at	25°C	and	light	off	at	

21°C),	respectively.	Data	were	continuously	recorded	until	most	flies	died.	
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4.4.4	Monitoring	of	Locomotor	Activity	

	

Locomotor	 activity	 of	 wild	 type	 flies	 was	 monitored	 automatically	 using	 Trikinetics	

Drosophila	Activity	Monitors	(Waltham,	MA,	USA),	as	previously	described	in	Chapter	

Two	(Section	2.4.4).	 Individual	 flies	with	known	age	(10-day-old,	30-day-old	and	50-

day-old)	were	transferred	into	glass	tubes	(8	cm	long	and	5	mm	diameter)	with	grow	

media	at	one	end,	sealed	with	plastic	plugs,	and	plugged	with	cotton	at	the	other	end.	

Locomotor	 activity,	 temperature	 and	 relative	 humidity	 were	 recorded	 every	 five	

minutes	for	an	entraining	time	of	13	days	in	LD	cycles	and	then	in	DD	until	most	flies	

died.		
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4.4.5	Data	Analysis	

	

Data	were	shown	in	mean	and	standard	error	(Mean±SEM),	and	p<0.05	was	considered	

significantly	 different.	 ClockLab	 (Actimetrics,	 USA)	 was	 used	 for	 the	 analysis	 of	

rhythmicity	in	locomotor	activity	of	wild	type	flies,	and	rhythm	strength	was	measured	

by	24-hour	relative	fast	Fourier	transform	(FFT)	values	[Koh	et	al.,	2006].	 	
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4.5	Results	

	

4.5.1	Molecular	Marker	of	Imminent	Death	in	Both	PERIOD	and	TIMELESS	in	Peripheral	

Clocks		

	

We	found	an	increase	of	TIM	signal	in	tim-luc	flies	(Figure	4-3)	and	PER	signal	in	XLG-luc	

(Figure	4-4)	at	the	peripheral	level	which	lasted	for	several	days	prior	to	death,	before	

eventually	vanishing	when	the	animals	died.	The	increase	of	signal	was	defined	as	at	

least	 50%	higher	 than	 the	 acrophase	 of	 the	 preceding	 cycle.	 Prior	 to	 death,	 87.8%	

(n=82)	tim-luc	flies	reared	in	DD	showed	an	increase	in	signal	over	a	time	of	86.2±2.2	

hours,	 93.5%	 (n=62)	 in	 LD	 cycles	 showed	 98.4±3.4	 hours,	 and	 83.6%	 (n=73)	 in	

LD/temperature	cycles	showed	90.0±3.0	hours.	The	age	of	death	of	these	flies	ranged	

from	20	to	60	days.	Prior	to	death,	34.2%	(n=79)	XLG-luc	flies	reared	in	DD	showed	an	

increase	 in	 signal	over	a	 time	of	84.3±5.2	hours,	54.3%	 (n=46)	 in	 LD	cycles	 showed	

81.4±3.8	hours,	and	56.3%	(n=48)	in	LD/temperature	cycles	showed	81.3±4.6	hours.	

The	age	of	death	of	these	flies	ranged	from	20	to	50	days.	
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In	order	to	confirm	that	the	increase	of	signal	occurred	before	death,	we	tested	how	long	

the	 bioluminescence	 signal	 would	 last	 after	 death	 under	 the	 same	 condition	 in	 a	

number	of	flies.	Decapitated	tim-luc	flies	showed	a	11.4±1.6	hour	after-death	signal	

(n=40)	 and	 XLG-luc	 flies	 showed	 7.8±1.0	 hours	 (n=41).	 In	 summary,	 immediately	

preceding	death	most	tim-luc	 flies	(88.0%,	n=217)	demonstrated	an	 increase	 in	TIM	

signal	that	lasted	for	91.2±1.7	hours	on	average	independent	of	age	or	environment.	

At	its	height	this	elevated	TIM	signal	was	on	average	3.8	times	as	high	as	the	previous	

acrophase	 (Figure	 4-5A),	 and	 not	 concentrated	 at	 any	 particular	 ZT	 calculated	 by	

Rayleigh	Test	(Figure	4-5B).	In	contrast	this	increase	in	TIM	was	not	reflected	in	PER	as	

not	as	many	flies	in	XLG-luc	(45.7%,	n=173)	showed	an	increase	of	82.3±2.6	hours	on	

average	before	death.	At	its	height	this	elevated	PER	signal	was	on	average	2.4	times	

as	high	as	the	previous	acrophase	(Figure	4-6A),	and	concentrated	with	mean	phase	

around	ZT18	to	ZT20,	similar	to	previous	cycles	(Figure	4-6B).	

	 	



Figure 4-5. Mean Bioluminescence Time-series Data from the Last Ten Days of Life 
in tim-luc Fruit Flies Showing Elevated Signals Before Death
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(A) X-axis indicates the days before death. Black solid line is the average signal from the last five-

days of life, and grey solid line is from the last six to ten days of life with an exponential trendline

shown as grey dash line. Tim-luc flies (n=119) show circadian rhythms of TIM expression from day

10 to day 6 before death with a descending trend. The aberrant signal from the last five days

(average height value shown in black column) breaks the circadian pattern and shows a

remarkable increase (p<0.001 by non-parametric Wilcoxon signed-rank test, compared to the

average acrophase from the preceding cycle shown in grey column). (B) The circular distributions

of the elevated signals before death in a 24-hour clock face. Black solid dots around clock face

indicate individual flies in LD cycles and hollow dots in LD/temperature cycles. ZT (where ZT0 is

lights on and ZT12 is lights off) is labelled. Flies show random distribution in LD (n=58, p=0.37) and

in LD/temperature (n=61, p=0.44).



Figure 4-6. Mean Bioluminescence Time-series Data from the Last Ten Days of Life 
in XLG-luc Fruit Flies Showing Elevated Signals Before Death
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(A) X-axis indicates the days before death. Black solid line is the average signal from the last five-

days of life, and grey solid line is from the last six to ten days of life with an exponential trendline

shown as grey dash line. XLG-luc flies (n=52) show circadian rhythms of PER expression from day

10 to day 6 before death with a descending trend. The aberrant signal from the last five days

(average height value shown in black column) follows the circadian pattern and shows a

remarkable increase (p<0.001 by non-parametric Wilcoxon signed-rank test, compared to the

average acrophase from the preceding cycle shown in grey column). (B) The circular distributions

of the elevated signals before death in a 24-hour clock face. Black solid dots around clock face

indicate individual flies in LD cycles and hollow dots in LD/temperature cycles. ZT (where ZT0 is

lights on and ZT12 is lights off) is labelled. Flies show significant concentrated distribution with

mean phase pointing at ZT18 in LD (n=25, p<0.001) and at ZT20 in LD/temperature (n=27,

p=0.007).
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4.5.2	Downstream	Behavioural	Changes	of	Imminent	Death	

	

Locomotor	activity	changed	in	the	last	few	days	before	death,	in	accord	with	the	aberrant	

PER	and	TIM	expression	occurring	at	a	similar	time.	82.7%	of	well	entrained	flies	(n=342)	

at	 different	 ages	 lost	 the	 circadian	 pattern	 of	 behavioural	 rhythms	 and	 became	

arrhythmic	 over	 a	 period	 of	 3.7±0.1	 days	 before	 death	 (Figure	 4-7).	 Arrhythmic	

locomotor	activity	was	observed	in	82.9%	in	flies	which	started	to	be	entrained	and	

recorded	from	10-day-old	(n=146),	85.1%	in	flies	from	30-day-old	(n=148),	and	75.0%	

in	 flies	 from	50-day-old	 (n=48),	showing	no	significant	difference	by	Chi-square	test	

(p=0.27).	The	age	of	death	of	these	flies	ranged	from	20	to	70	days.	24-hour	relative	

FFT	values	were	used	as	a	measure	of	circadian	rhythm	strength	and	FFT	value	<0.01	

was	considered	arrhythmic.	Flies	showed	an	average	FFT	value	of	0.050±0.002	under	

LD	entrainment	and	0.039±0.002	under	 following	 free-running	 in	DD,	 indicating	the	

existence	 of	 circadian	 rhythms	 of	 locomotor	 activity.	 FFT	 value	 dropped	 to	

0.007±0.0003	 (p<0.001)	 in	 the	 final	 days	 preceding	 death,	 showing	 behavioural	

arrhythmicity.		

	 	



Figure 4-7. Locomotor Activity of Representative Wild Type Fruit Flies Showing Arrhythmic 
Behaviour Before Death
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Actogram showing 13-day

of LD 12:12 followed by

free running rhythms in

DD (the white area marks

the light phase, the grey

shaded area marks the

dark phase). Left y-axis

indicates the age of each

fly and right y-axis

indicates the days before

death. Dagger is used as

label of death. Well-

entrained flies of

different ages (A) died at

66 days old, showing a 2-

day arrhythmic activity

with a FFT value of 0.0001

before death (0.049 in LD

and 0.011 in DD), (B) died

at 56 days old, showing a

4-day arrhythmic activity

with a FFT value of 0.008

before death (0.021 in LD

and 0.017 in DD), and (C)

died at 31 days old,

showing a 3-day

arrhythmic activity with a

FFT value of 0.0006

before death (0.046 in LD

and 0.099 in DD).



The	Breakdown	of	the	Circadian	Clock	
	
	

 

 159	

	

4.6	Discussion	

	

Here,	 we	 reported	 for	 the	 first	 time	 that	 a	 transient	 increase	 of	 both	 PER	 and	 TIM	

expression	at	 the	whole	organism	 level	occurred	days	before	death.	This	 signal	has	

been	 found	 to	 be	 most	 obvious	 in	 TIM,	 and	 we	 assume	 that	 it	 can	 be	 used	 as	 a	

molecular	marker	of	imminent	death.	The	low	signal	background	of	8.0-luc	makes	it	

difficult	to	tell	whether	the	aberrant	increase	of	PER	signal	also	exists	 in	the	central	

clock.	However	 it	has	been	 reported	 that	 the	 central	molecular	 clock	 in	Drosophila	

remains	efficient	until	the	very	last	day	of	life	[Luo	et	al.,	2012].	In	mammals,	it	has	also	

been	 shown	 that	 the	 key	 function	 in	 the	 central	 clock	 is	 preserved	 [Weinert	 and	

Weinert,	1998;	Weinert	and	Waterhouse,	2007].	Therefore,	the	inference	is	that	the	

effect	 is	 on	 peripheral	 rather	 than	 the	 central	 level,	 which	 implies	 the	 further	

breakdown	of	the	coupling	system	and	loss	of	synchrony	among	aged	peripheral	clocks	

before	death.	

	

The	 elevated	 signals	 occurred	 in	 both	 clock	 gene	 reporters	 tim-luc	 and	 XLG-luc	 with	

different	effects	on	incidence,	magnitude	and	phase	(Figure	4-5	&	4-6).	We	infer	that	

this	 signal	 reflects	 the	 actual	 increase	 of	 clock	 gene	 expression,	 rather	 than	 the	

changes	 in	 luciferase	 reaction	 which	 should	 affect	 both	 reporters	 equally.	

Furthermore,	 we	 hypothesize	 that	 the	 increase	 in	 TIM	 expression	 is	 the	 leading	

change,	which	in	turn	alters	PER	expression	as	a	downstream	effect.	Prior	to	death,	the	

increasing	expression	of	PER	 is	still	 in	phase	with	normal	24-hour	LD	cycles	yet	TIM	



The	Breakdown	of	the	Circadian	Clock	
	
	

 

 160	

expression	loses	circadian	pattern	and	distributes	randomly.	It	implies	that	the	change	

of	 clock	 mechanism	 before	 death	 is	 starting	 with	 the	 continuous	 increasing	

transcription	 of	 tim	 due	 to	 the	 loss	 of	 regulation	 by	 the	 transcription-translation	

feedback	 loop.	 It	 is	 very	 likely	 that	 without	 the	 stabilization	 from	 TIM,	 PER	 in	 the	

cytoplasm	 cannot	 enter	 nucleus	 to	 inhibit	 its	 own	 transcription	 (negative	 feedback	

loop)	thus	resulting	in	an	increase	in	expression.	This	may	also	explain	why	some	but	

not	all	of	the	flies	(45.7%)	show	increase	of	PER	expression,	if	TIM	is	around	for	PER	at	

the	right	timing	then	PER	expression	is	normal,	otherwise	PER	expression	increases.	

	

Correspondingly,	 we	 hypothesize	 the	 aberrant	 increase	 of	 TIM	 immediately	 preceding	

death	is	central	to	the	underlying	mechanism	of	the	final	collapse	of	the	circadian	clock	

system.	The	loss	in	circadian	behavioural	rhythmicity	(Figure	4-7)	can	be	explained	by	

simultaneous	 increase	of	clock	gene	expression.	Such	circadian	clock	changes	 (both	

gene	expression	and	output	behaviour)	in	the	last	days	of	life	are	not	age-dependent	

because	both	young	and	aged	flies	share	similar	pattern.	The	changes	of	TIM	before	

death	is	related	to	its	role	as	a	clock	gene	essential	in	circadian	rhythmicity,	which	is	

supported	by	the	finding	that	tim	null	mutants	show	faster	locomotor	rhythm	decline	

with	advancing	age	and	shortened	lifespan	[Koh	et	al.,	2006;	Vaccaro	et	al.,	2017].		

	

Although	the	underlying	mechanism	 is	not	 fully	 revealed,	 tim	must	be	 important	 in	 the	

biology	of	aging	and	death	beyond	its	roles	in	circadian	rhythmicity.	Tim	functions	in	

cell	cycle	progression,	DNA	replication,	DNA	damage	response,	and	telomere	length	

and	 integrity	maintenance	[Mazzoccoli	et	al.,	2016],	making	 it	a	multifaceted	factor	
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implicated	 in	 aging	 and	 death.	 Tim	 has	 drawn	more	 and	more	 attention	 in	 recent	

studies	for	its	role	in	cancer	[Chi	et	al.,	2017;	Liu	et	al.,	2017;	Zhang	et	al.,	2017],	also	

indicates	 its	 versatility.	 It	 also	 raises	 the	 possibility	 that	 immune	 response	 towards	

infection	is	one	of	the	underlying	reasons,	given	that	the	role	of	tim	as	a	regulator	of	

immune	response	has	been	recently	revealed	in	Planarian	[Gutiérrez-Gutiérrez	et	al.,	

2017].	A	novel	theory	is	also	rising	that	through	reprogramming	of	transcriptome	in	

cells,	 aging	 turns	off	 genes	 involved	 in	homeostasis	 and	 turns	on	 those	 involved	 in	

tissue-specific	stresses,	such	as	inflammation	and	DNA	damage	[Solanas	et	al.,	2017].	

Furthermore,	 a	 recent	 study	 has	 reported	 that	 about	 1%	 of	 the	 gene	 transcripts	

significantly	increase	in	abundance	post-mortem	in	zebrafish	and	mice,	among	which	

are	 genes	 involved	 in	 survival	 and	 stress	 compensation	 as	 well	 as	 developmental	

control	and	cancer	[Pozhitkov	and	Noble,	2017].	Although	the	technique	used	limits	

the	feasibility	to	also	measure	the	expression	of	these	genes	before	death,	it	raises	the	

possibility	of	a	compensatory	mechanism	at	the	last	stage	of	life.		

	

As	a	consequence,	the	outbreak	of	tim	expression	in	the	days	preceding	death	might	reflect	

a	stress	or	immune	response,	or	a	compensatory	mechanism	of	the	body	when	facing	

ultimate	survival	challenge.		
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4.7	Conclusion	

	

Research	 on	 the	 topic	 of	 death	 is	 of	 significance	 to	 ethical,	 legal	 and	medical	 science	

[Pozhitkov	and	Noble,	2017],	which	mainly	focuses	on	post-mortem	subjects/samples.	

There	are	numerous	barriers	limiting	the	possibility	to	move	the	timeframe	forward,	

so	that	data	from	the	moments	before	death	can	be	collected.	By	using	animal	models	

such	 as	Drosophila	 and	 techniques	 such	 as	 luciferase	 reporters	 give	 us	 a	 precious	

opportunity	to	reveal	some	irreplaceable	information	on	the	changes	prior	to	death.		

	

Here	we	report	a	remarkable	disruption	of	the	circadian	clock	during	the	last	days	of	life	at	

both	the	molecular	and	behavioural	 levels.	 Importantly,	we	reveal	 for	the	first	time	

that	a	novel	marker	of	imminent	death	in	Drosophila.	Our	results	indicate	not	only	the	

underlying	cause	of	the	circadian	clock	disruption	before	death,	but	also	the	exciting	

potential	of	the	clock	genes	to	be	key	in	the	mechanism	of	death,	and	even	a	basis	for	

intervention.	These	findings	all	greatly	expand	our	understanding	on	the	link	between	

the	circadian	clock	and	death	process	(Figure	4-8).		

	

Although	we	find	the	aberrant	expression	of	TIM	before	death	at	the	whole	animal	level,	

it	does	not	necessarily	mean	that	the	same	pattern	occurs	in	every	tissue/organ	or	cell.	

It	 has	 been	 reported	 that	 there	 are	 significant	 differences	 in	 qualitative	 and	

quantitative	of	gene	expression	between	 tissues/organs	after	death	 [Pozhitkov	and	

Noble,	2017;	Ferreira	et	al.,	2018].	For	instance,	mRNA	in	the	mouse	brain	increases	in	
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the	first	hour	and	then	gradually	decreases	while	in	the	liver	gradually	reduces	with	

post-mortem	time.	It	is	reasonable	to	assume	that	other	multi-cellular	organisms	will	

display	a	similar	pattern.	Therefore,	gene	expression	among	individual	tissues/organs	

should	be	included	in	future	studies.	

	

It	is	not	sensible	to	rely	on	one	specific	molecule	to	be	the	general	marker	of	aging	or	death,	

due	 to	 the	 substantial	 differences	of	 aging	 rate	 and	 lifespan	dependent	on	genetic	

background	 among	 individuals	 [Koh	 et	 al.,	 2006;	 Giebultowicz	 and	 Long,	 2015].	 As	

consequence,	further	exploration	on	various	genes	among	different	species	is	needed.	

Based	 on	 TIM	 being	 a	 steppingstone,	 it	 is	 not	 hard	 to	 foresee	 that	 more	 genes,	

including	non-clock	genes,	will	be	disclosed	in	future	studies	showing	their	importance	

on	regulating	the	final	process	of	life.	The	establishment	of	an	array	of	gene	expression	

at	the	terminal	stage	will	certainly	open	the	gate	to	study	the	biology	of	death	and	

attract	wide	interest	across	life	science.	
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Figure 4-8. Overview of New Findings on Changes of the Clock Before Death  

Based on our findings from the current towards-death study in Drosophila, aberrant clock gene

expression in TIM throughout the animal may be the cause of the arrhythmic behaviour occurring

days before death. It indicates the involvement of clock mechanism in the death process.

Importantly, we reveal that the breakdown of the clock organization at the body level happens

prior to death, instead of after death.
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5.1	Summary	

	

No	one	on	Earth	can	escape	the	 impact	of	 time.	After	millennia	of	evolution,	biological	

clocks	within	every	organism	have	developed	to	precisely	measure	the	passing	of	time.	

Among	 these,	 the	 circadian	clock	 is	most	 important	and	well-studied,	 yet	 this	daily	

timing	system	embedded	in	each	body	is	not	always	hard-and-fast	as	it	should	be.	The	

circadian	clock	 is	 shaped	by	 time,	 showing	 remarkable	changes	 from	 its	birth	 to	 its	

death.		

	

We	assume	that	the	clock	is	not	perfect	at	the	beginning.	Through	gradual	development,	

it	eventually	matures	into	a	fully-functional	clock	keeping	biological	rhythms	internally	

coupled	and	externally	compatible.	Then	it	comes	to	the	inevitable	fading	under	aging.	

Ultimately,	the	clock	stops	ticking	at	the	critical	timing	of	death.		

	

Along	 with	 the	 continuous	 alterations	 as	 the	 animal	 develops,	 matures	 and	 ages,	 the	

unequal	 changes	 among	every	 component	 (spatially)	 of	 the	 circadian	 clock	 at	 each	

stage	 (temporally)	 add	 particulars	 to	 this	 already	 colourful	 picture.	 Based	 on	 our	

findings,	we	reveal	some	breakthroughs	on	the	topic	of	development	and	aging	of	the	

circadian	clock	in	Drosophila	melanogaster,	answering	questions	we	have	been	asking	

(refer	to	Chapter	One,	Section	1.6).	These	can	be	summarized	as	follows:	
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Q:	 When	 does	 the	 molecular	 clock	 start	 to	 tick	 and	 be	

responsive	to	light?		

A:	 The	 expression	 of	 clock	 gene	 in	 certain	 central	 clock	

neurons	begins	to	oscillate	at	early	developmental	stage	with	

light-sensitivity,	 when	 that	 in	 the	 peripheral	 tissues	

throughout	the	body	begins	to	increase	but	not	cycle	without	

light-sensitivity.	

	

Q:	Do	the	central	and	peripheral	clocks	develop	at	the	same	

pace?	

A:	 The	 molecular	 machinery	 in	 the	 central	 clock	 starts	 to	

function	 at	 embryonic	 stage,	 earlier	 than	 that	 in	 the	

peripheral	clocks,	which	starts	to	tick	at	early	adult	stage.	

	

Q:	How	does	 the	Zeitgeber	 light	affect	 the	development	of	

the	circadian	clock?	

A:	Clock	gene	oscillations	as	well	as	adult	locomotor	activity	

rhythms	 start	 without	 the	 requirement	 of	 light.	 Light	

exposure	does	not	 initiate	or	accelerate	the	circadian	clock	

development,	 instead	 it	 synchronizes	 the	 phases	 among	

different	individuals.	

	 	

Chapter	Two	

DEVELOPMENT	

Chapter	Two	

DEVELOPMENT	

Chapter	Two	

DEVELOPMENT	
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Q:	Which	part	of	the	circadian	clock	is	affected	by	aging,	the	

centre	or	the	periphery?		

A:	Aging	affects	the	endogenous	clock	at	the	peripheral	level,	

showing	 reduction	 in	 both	 expression	 and	 rhythmicity	 of	

clock	genes	throughout	the	body,	while	leaves	the	molecular	

clock	at	the	central	level	intact.	

	

Q:	Can	strong	entrainment	rescue	the	age-related	decline	of	

the	circadian	clock?	

A:	Regular	and	strong	entrainment	including	light-dark	cycles	

and	 light-dark	 coupled	 with	 temperature	 cycles	 are	 not	

efficient	 enough	 to	 recover	 the	 age-related	 decline	 of	 the	

peripheral	molecular	clockwork.	

	

Q:	 What	 happens	 to	 the	 clock	 at	 both	 molecular	 and	

behavioural	levels	towards	death?				

A:	Clock	gene	expression	 in	 the	peripheral	clocks	shows	an	

aberrant	 pattern	 in	 both	 expression	 and	 rhythmicity	 days	

before	 death,	 which	 is	 mirrored	 by	 a	 disturbance	 in	

behavioural	rhythms.		

	 	

Chapter	Three	

AGING	

Chapter	Three	

AGING	

Chapter	Four	

DEATH	
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In	this	 final	chapter	we	discuss	the	dynamic	network	of	the	circadian	clock	on	 its	cross-

sectional	alterations	at	each	stage	and	its	longitudinal	changes	throughout	lifespan.	In	

the	 first	part,	we	 summarize	 the	network	 system	of	 the	 circadian	 clock,	 and	 in	 the	

second	 part,	 we	 focus	 on	 the	 development-	 and	 age-related	 changes	 of	 different	

components	within	this	interactive	organization.	
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5.2	From	the	Centre	to	the	Edge	

	

The	RULE	of	‘Circadian	Resonance’	was	proposed	by	the	founder	of	Chronobiology	Colin	

Pittendrigh	 [Pittendrigh	 et	 al.,	 1958],	 emphasizing	 the	 importance	 of	 the	 harmony	

between	the	internal	clock	and	external	environment	and	its	implication	in	the	fitness	

of	organisms.	It	reminds	us	the	exquisitely-formed	architecture	of	the	circadian	clock,	

within	which	all	parties	are	coordinated	well	together	to	achieve	the	best	performance,	

and	interact	precisely	with	the	external	world	as	a	system.	The	circadian	clock	contains	

such	a	powerful	network	that	every	component	is	connected,	following	the	regulation	

of	the	RULE.	

	

The	coupling	mechanism	to	maintain	the	network	within	the	central	clock	has	been	well	

studied.	 In	 Drosophila,	 a	 sophisticated	 network	 is	 formed	 by	 the	 intercellular	

communication	 among	 different	 clusters	 of	 clock	 neurons	 in	 the	 central	 nervous	

system.	Central	clock	neurons	have	been	reported	to	be	weak	oscillators	if	without	an	

intact	circadian	circuit,	leaving	the	generation	of	robust	circadian	rhythms	impossible	

[Sabado	et	al.,	2017].	Among	all,	pigment	dispersing	factor	(PDF)	plays	a	key	role	in	the	

communication	 within	 the	 central	 clock	 neuronal	 network	 to	 maintain	 rhythmic	

activity	[Top	and	Young,	2017].	This	 is	supported	by	the	findings	that	clock	neurons	

from	flies	lacking	PDF	are	uncoupled	and	showing	impaired	rhythmicity	[Peng	et	al.,	

2003;	Lin	et	al.,	2004;	Yoshii	et	al.	2009].	Furthermore,	PDF	has	multiple	effects	on	

different	groups	of	the	clock	neurons.	Although	only	released	by	small	ventral	lateral	
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neurons	(s-LNv)	and	large	ventral	lateral	neurons	(l-LNv),	PDF	also	feeds	back	to	non-

PDF-expressing	 neurons.	 In	 a	 word,	 PDF	 is	 crucial	 for	 adjusting	 cycling	 amplitude,	

period,	 and	 phase	 of	 different	 players	 in	 the	 circadian	 system	 [Yoshii	 et	 al.,	 2009;	

Collins	et	al.,	2014].		

	

In	mammals,	the	suprachiasmatic	nucleus	(SCN)	is	known	as	a	hierarchical	multi-oscillator	

system	in	which	individual	neurons	are	interconnected	into	the	neuronal	network	to	

send	a	coherent	timing	signal	to	the	rest	of	the	body.	The	circadian	spontaneous	firing	

rhythms	are	synchronized	throughout	the	SCN	[Enoki	et	al.,	2017],	though	dispersed	

individual	neurons	display	heterogeneity	in	periods,	phases	and	strength	of	oscillation	

[Welsh	et	al.,	1995;	Liu	et	al.,	1997;	Honma	et	al.,	1998;	Honma	et	al.,	2004;	Webb	et	

al.,	 2009].	 SCN	 neurons	 possess	 specific	 mechanisms	 to	 maintain	 synchrony	 as	 a	

functional	 unit,	 and	 the	 neuropeptidergic	 coupling	 is	 believed	 to	 be	 the	 most	

important	 one	 [Liu	 and	 Chang,	 2017].	 Vasoactive	 intestinal	 polypeptide	 (VIP)	 is	

necessary	 both	 to	maintain	 circadian	 rhythmicity	 within	 individual	 neurons	 and	 to	

synchronize	molecular	timekeeping	among	them	[Aton	et	al.,	2005;	Maywood	et	al.,	

2006].	 For	 instance,	 inhibition	of	VIP-mediated	coupling	 in	 the	SCN	 leads	 to	 loss	of	

synchrony	in	PERIOD2	(PER2)	expression	of	individual	neurons	[Abraham	et	al.,	2010].		

	

Peripheral	 clocks,	 on	 the	 contrary,	 are	 more	 complicatedly	 formed	 as	 a	 system	 when	

compared	to	the	central	clock	due	to	their	diverse	structures	as	well	as	functions,	yet	

the	network	organization	 is	 far	 inferior.	 In	 fact,	 it	has	been	reported	that	 individual	

fibroblasts	are	robust	molecular	oscillators	[Nagoshi	et	al.,	2004;	Welsh	et	al.,	2004].	
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This	argues	that	at	the	cellular	level,	the	peripheral	cells	are	comparable	oscillators	to	

the	central	cells,	if	not	better	[Mohawk	et	al.,	2012].	Yet	under	constant	conditions	in	

vitro,	Period1	rhythms	of	peripheral	tissue	explants	dampen	partially	or	completely,	

while	 in	 the	 SCN	 persist	 for	 a	much	 longer	 time	 [Yamazaki	 et	 al.,	 2000].	 Likewise,	

peripheral	 tissues	 in	 Drosophila	 can	 be	 clearly	 distinguished	 from	 the	 molecular	

oscillators	in	the	centre,	for	their	rapid	dampening	in	constant	conditions	[Peng	et	al.,	

2003].	 Apparently	 at	 the	 tissue	 level,	 peripheral	 clocks	 behave	 like	 weak,	 small-

amplitude	oscillators	and	the	central	pacemaker	behaves	like	a	rigid,	high-amplitude	

circadian	oscillator	[Abraham	et	al.,	2010].	The	loss	of	synchrony	among	individual	cells	

and	thus	damping	of	the	ensemble	rhythm	at	the	population	level	in	periphery	is	the	

most	important	reason	accounting	for	the	difference	[Welsh	et	al.,	2004].	It	is	mainly	

due	to	the	fact	that	peripheral	clocks	lack	of	the	functional	coupling	mechanism	that	is	

unique	 to	 the	 central	 clock	 [Brown	 and	 Azzi,	 2013].	 Despite	 that	 individual	

tissues/organs	may	maintain	some	degree	of	circadian	synchrony,	it	is	well	accepted	

that	this	coupling	is	much	weaker	than	that	in	the	SCN	[Yoo	et	al.,	2004].	

	

Therefore,	 spontaneous	 synchronization	 among	 central	 clock	 neurons	 is	 a	 primary	

requirement	of	its	master	pacemaker	role	and	distinguishes	it	from	peripheral	tissues.	

What’s	more,	the	circadian	network	in	the	Drosophila	brain	can	serve	as	an	essential	

buffering	system	that	protects	against	challenges	such	as	transcriptional	impairment	

of	clock	genes,	while	disturbance	of	molecular	clockwork	as	well	as	output	rhythms	are	

shown	in	the	periphery	[Weiss	et	al.,	2014].	Similarly,	the	intercellular	network	enables	
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the	 SCN	 to	 fight	 against	 genetic	 perturbations	 which	 otherwise	 disturb	 circadian	

rhythms	in	peripheral	tissues	and	cells	[Liu	et	al.,	2007].		

	

The	 connective	network	between	 the	 central	 pacemaker	 and	 local	 oscillators	 has	been	

characterized	in	Drosophila	as	in	mammals,	but	the	pattern	is	thought	to	be	distinct.	

In	Drosophila,	coordinated	timing	between	individual	oscillators	is	thought	to	occur	via	

light	and	temperature	sensitive	intracellular	pathways,	which	respond	directly	to	the	

same	entrainment	cues	that	set	the	phase	of	the	central	pacemaker	neurons	 in	the	

brain	 [Allada	 and	 Chung,	 2010].	 The	 cell-autonomous	 expression	 and	 action	 of	 the	

blue-light	photoreceptor	CRYPTOCHROME	(CRY)	is	implicated	in	the	light-entrainment	

in	both	central	and	peripheral	clocks	[Krishnan	et	al.,	2001;	Dubruille	and	Emery,	2008;	

Agrawal	et	al.,	2017].	In	this	way,	peripheral	clocks	maintain	synchrony	with	external	

environmental	 cues	 independent	 of	 input	 from	 the	 central	 clock	 with	 several	

exceptions	[Plautz	et	al.,	1997;	Krupp	et	al.,	2013]	(refer	to	Chapter	One,	Section	1.2).	

	

In	mammals,	 on	one	hand,	 the	 SCN	 shows	 the	dominant	 role	 and	 regulates	 peripheral	

clocks	through	direct	and	indirect	pathways.	Direct	pathways	 include	neural	control	

through	the	autonomic	nervous	system,	as	well	as	humoral	control	travelling	through	

circulation	such	as	glucocorticoids	[Mohawk	et	al.,	2012]	(refer	to	Chapter	One,	Section	

1.4).	Indirect	pathways	include	feeding	rhythms	and	body	temperature	rhythms,	which	

are	 regulated	 directly	 by	 the	 SCN	 and/or	 by	 activity	 cycles	 controlled	 by	 the	 SCN	

[Dibner	et	al.,	2010].	On	the	other	hand,	the	influence	from	one	particular	peripheral	

clock	to	the	SCN	or	to	other	tissues	is	supposed	to	be	small.	It	has	been	reported	that	
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specific	genetic	disruption	of	the	circadian	clock	mechanism	in	the	hepatocytes	of	mice	

leaves	an	intact	SCN	and	other	cell	types	throughout	the	body	[Kornmann	et	al.,	2007].	

Despite	that	peripheral	tissues	are	relatively	independent	with	each	other	as	this	study	

suggests,	the	weakening	of	rhythmicity	and/or	shift	of	phases	would	presumable	cause	

desynchrony	and	consequent	impact	at	the	systemic	level.		

	

In	summary,	led	by	a	tightly-coupled	central	pacemaker,	the	peripheral	circadian	system	is	

composed	 of	 loosely-coupled	 clocks	 which	 need	 to	 be	 coordinated	 by	 internal	 or	

external	cues.	Correspondingly,	the	endogenous	circadian	oscillators	in	individual	cells,	

tissues	 and	 organs	 within	 the	 same	 organism	must	 interplay	 wisely	 to	 maintain	 a	

consolidated	network.	In	normal	circumstance,	circadian	oscillators	in	individual	cells	

are	synchronized	within	a	tissue,	likewise	individual	tissues	are	kept	in	a	stable	phase-

relationship	 with	 each	 other	 in	 order	 to	 make	 up	 a	 coherent	 circadian	 system.	

Accordingly,	 loss	 of	 synchrony	 could	 happen	 at	 various	 levels	 of	 the	 circadian	

organization,	or	combination	of	several,	such	as	in	the	state	of	aging	or	certain	diseases.		
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5.3	From	the	Beginning	to	the	End			

	

A	 considerable	 amount	 of	 research	 has	 helped	 shed	 light	 on	 the	 circadian	 clock	 being	

crucial	for	maintaining	organized	and	healthy	life	history.	Actually,	the	circadian	clock	

has	been	implicated	in	affecting	 life	traits	such	as	pre-adult	development	as	well	as	

adult	lifespan.	It	is	generally	believed	that	a	faster	clock	(shorter	free-running	period)	

speeds	 up	 pre-adult	 development	 and	 shortens	 lifespan,	 vice	 versa,	 a	 slower	 clock	

(longer	free-running	period)	slows	down	development	and	lengthens	lifespan.		

	

The	developmental	plan	of	an	animal	body	is	built	through	the	coordinated	timing	of	cell	

divisions,	 cell	 differentiation,	 and	 cell	 movements	 [Vallone	 et	 al.,	 2007],	 and	 the	

circadian	 clock	 is	 one	 of	 the	 important	 determinants	 that	 orchestrate	 these	 basic	

processes.	It	has	been	reported	that	the	pace	of	pre-adult	development	in	Drosophila	

is	 controlled	by	 clock	genes	 [Kumar	et	 al.,	 2006].	 For	 instance,	period	 (per)	mutant	

studies	suggest	a	positive	correlation	between	free-running	period	and	development	

time	in	Drosophila.	The	perShort	mutants	(19-hour)	develop	faster	from	eggs	to	adult	

than	 the	 wild	 type,	 while	 perLong	 mutants	 (28-hour)	 complete	 development	 more	

slowly	than	the	wild	type	[Kyriacou	et	al.,	1990].	Furthermore,	the	circadian	clock	has	

been	suggested	in	regulating	the	timing	of	eclosion	in	Drosophila	[Konopka	and	Benzer,	

1971].	This	key	developmental	event	is	restricted	to	occur	around	dawn,	even	if	flies	

are	ready	to	eclose	earlier.	Acting	by	means	of	PDF,	interactions	between	a	peripheral	

clock	 in	the	prothoracic	gland	and	the	central	clock	of	 the	 lateral	neurons,	seem	to	
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answer	 for	 the	mechanism	of	 the	 circadian	 timing	of	 eclosion	 [Myers	 et	 al.,	 2003].	

Likewise,	 circadian	 timing	 is	 also	 a	 feature	of	mammalian	 embryonic	 development.	

Loss	 of	 function	 in	 clock	 genes	 disrupts	 developmental	 processes,	 such	 as	 growth,	

proliferation	 and	 differentiation	 [Dolatshad	 et	 al.,	 2010].	 For	 instance,	 knockout	 of	

certain	 clock	 genes	 in	 mice	 shows	 embryo	 losses	 and/or	 delayed	 embryonic	

development	[Dolatshad	et	al.,	2010].	

	

In	this	study	we	show	that	the	development	of	the	circadian	clock	 itself	goes	through	a	

hierarchical	process,	with	certain	central	clock	neurons	develop	first,	and	peripheral	

tissues	 at	 the	 body	 level	mature	 later	 (refer	 to	 Chapter	 Two	 DEVELOPMENT).	 The	

meaning	 is	 presumably	 simple,	 it	 is	 that	 the	 central	 clock	 plays	 a	 relatively	 more	

important	role	in	regulating	the	early	development	of	the	clock	system	itself,	so	much	

so	that	to	coordinate	the	development	of	the	entire	body.	The	mechanism	underlying	

is	 still	unknown,	but	 the	development	of	 tight-	or	 loose-	 coupling	may	explain	why	

expression	 of	 clock	 gene	 shows	 circadian	 rhythmicity	within	 central	 clock	 neurons,	

while	only	 increases	but	not	oscillates	 in	 synchrony	among	peripheral	 clocks	at	 the	

same	developmental	stages.	We	thus	infer	that	network	assembly	at	the	systemic	level	

is	 on-going	 but	 incomplete	 during	 early	 development.	 In	 addition,	 the	 non-cyclic	

expression	 of	 clock	 gene	 in	 peripheral	 tissues	 under	 constant	 darkness	 implies	 the	

scarce	input	from	the	central	pacemaker.	Without	internal	cues,	external	stimuli	such	

as	light-dark	(LD)	cycles	being	incapable	to	entrain	clock	gene	oscillations	indicates	that	

the	peripheral	property	of	light-sensitivity	has	not	yet	been	established	before	eclosion.	
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If	 pre-adult	 development	 is	 described	 as	 travelling	 towards	 the	 destination	 where	 the	

beautiful	scene	 is	the	well-functioning	adult	stage,	that	aging	 is	 the	 journey	drifting	

away	from	perfection.	Aging	is	characterized	as	a	gradual	decline	in	numerous	systems,	

influenced	by	both	genetic	and	environmental	factors,	with	changes	happening	at	both	

the	physiological	and	molecular	levels	[Banks	et	al.,	2016].	There	are	nine	hallmarks	of	

aging,	 which	 are	 regulated	 by	 the	 clock	 to	 different	 extent,	 including	 increased	

genomic	 instability,	 diminishing	 of	 the	 telomeres,	 epigenetic	 alterations,	 loss	 of	

proteostasis,	 impairment	 of	 stem	 cells,	mitochondrial	 dysfunction,	 dysregulation	 of	

metabolic	activity,	cellular	senescence	and	intercellular	miscommunication	[Fonseca	

Costa	and	Ripperger,	2015].		

	

It	 is	 still	 not	 clear	whether	decline	of	 clock	 function	 is	 the	 cause	or	 the	 result	 of	 aging	

process,	or	both.	Existing	evidence	suggests	a	bidirectional	relationship	between	the	

circadian	clock	and	aging.	While	there	is	evidence	on	age-related	dampening	of	clock	

oscillations	and	clock-controlled	rhythms,	disruption	of	the	circadian	clock	in	turn	leads	

to	 accelerated	 aging	 and	 increased	 susceptibility	 to	 age-associated	 pathologies	

[Rakshit	and	Giebultowicz,	2013;	Giebultowicz	and	Long,	2015;	Hood	and	Amir,	2017].	

When	 aging	 and	 the	 aged	 clock	 interact	 adversely	 with	 each	 other,	 it	 leads	 to	 an	

irreversible	outcome	of	deterioration.	For	instance,	it	has	been	reported	that	even	a	

mild	 circadian	 challenge	 such	as	 chronic	 jet-lag,	 can	markedly	 increase	mortality	 in	

aged	 but	 not	 young	 animals	 [Davidson	 et	 al.,	 2006].	 This	 illustrates	 a	 “double-hit”	

theory	that	a	further	disturbance	of	the	aged	clock	(first	hit)	by	a	second	attack	such	

as	chronic	jet-lag	can	cause	cascaded	consequences.		
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Unsurprisingly,	the	effect	of	aging	on	the	circadian	clock	must	be	more	than	just	a	simple	

story,	especially	with	broader	and	deeper	exploration.	In	fact,	aging	may	act	on	every	

component	of	the	clock	organization,	including	the	centre	and	the	periphery,	at	the	

levels	of	tissue,	intercellular	connection,	and	the	cell.	Although	presumably	no	party	

can	escape	the	influence	of	aging,	the	weight	of	contribution	can	be	diverse.	

	

From	 the	 existing	 results	 of	 both	mammalian	 and	Drosophila	 studies	 including	 ours,	 a	

general	impression	is	that	the	molecular	machinery	in	the	central	clock	is	less	or	later	

damaged,	if	there	is	any,	by	the	aging	process.	In	the	current	study	(refer	to	Chapter	

Three	AGING),	we	find	that	the	expression	of	clock	gene	in	the	central	clock	neurons	

of	aged	Drosophila	stays	as	robust	as	in	young	ones.	It	has	also	been	proposed	that	

molecular	clock	in	the	SCN	as	a	whole	is	relatively	resistant	to	aging	[Mattis	and	Sehgal,	

2016].	As	 consequence,	 causal	 links	between	clock	gene	expression	patterns	 in	 the	

central	 clock	 and	 age-associated	 disturbance	 in	 circadian	 rhythms,	 cannot	 been	

conclusively	demonstrated.	

	

Nonetheless,	 it	does	not	mean	 that	 the	central	 clock	 is	 “off	 the	hook”	when	 facing	 the	

challenge	of	 aging.	 The	 first	 clue	 that	 the	 central	 clock	 is	 involved	 in	 aging	process	

comes	 from	 the	 transplantation	 studies.	 Implantation	 of	 foetal	 SCN	 tissue	 in	 old	

animals	 rescue	 circadian	 output	 function	 in	 hamsters	 [Van	 Reeth	 et	 al.,	 1994;	

Viswanathan	 and	 Davis,	 1995]	 and	 rats	 [Cai	 et	 al.,	 1997].	 Moreover,	 animals	 that	

restore	higher	clock	function	end	up	with	increased	longevity	[Hurd	and	Ralph,	1998].	

There	are	a	few	possibilities	aside	from	the	intact	molecular	clockwork,	including	the	
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loss	 of	 structural	 integrity,	 the	weakening	 of	 the	 output	 signal,	 the	 interruption	 of	

connections	between	the	neurons,	and	the	diminishing	of	single	cell	rhythms	within	

the	SCN	[Farajnia	et	al.,	2014].		

	

Whether	 age-related	 clock	 decline	 is	 paralleled	 by	 age-associated	 alterations	 in	 the	

structure	of	the	SCN	is	unclear.	The	results	of	the	changes	of	the	SCN	in	both	volume	

and	total	cell	numbers	with	increasing	age	in	humans	and	rodents	are	mixed	[Hood	

and	Amir,	2017].	By	contrast,	the	evidence	of	SCN	neuronal	output	deterioration	with	

advancing	age	at	the	tissue	level	is	solid	and	consistent.	The	electrical	activity	patterns	

of	 SCN	 neurons	measured	 by	multiunit	 activity	 (MUA)	 recordings	 indicate	 that	 the	

amplitude	of	SCN	activity	decreases	under	aging	in	brain	slice	preparations	[Satinoff	et	

al.,	1993;	Watanabe	et	al.,	1995;	Nygård	et	al.,	2004;	Biello,	2009]	and	cultured	SCN	

neurons	 [Aujard	 et	 al.,	 2001]	 in	 vitro,	 as	 well	 as	 in	 vivo	 [Nakamura	 et	 al.,	 2011].	

Importantly,	the	reduction	of	SCN	output	measured	by	neuronal	activity	rhythms	at	

the	tissue	level	is	directly	account	for	overt	output	decline	at	the	animal	level.		

	

The	 coupling	 system	 in	 the	 SCN	 which	 undergoes	 significant	 age-related	 degradation	

[Mattis	and	Sehgal,	2016]	may	answer	for	such	deterioration	of	the	SCN	downstream	

neuronal	 output	 [Nakamura	 et	 al.,	 2016].	 The	main	 neurotransmitters	 such	 as	VIP,	

which	makes	indispensable	contribution	to	the	synchronization	within	the	SCN	cellular	

network	 [Vasalou	 et	 al.,	 2009],	 is	 affected	 by	 aging.	 It	 has	 been	 reported	 that	 the	

expression	level	and	the	amplitude	of	VIP	mRNA	[Kawakami	et	al.,	1997;	Kalló	et	al.,	

2004]	and	 the	expression	 level	of	 its	 receptor	mRNA	 in	 the	SCN	 [Kalló	et	al.,	2004]	
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decrease	in	the	course	of	mammalian	aging.	Such	attenuation	is	associated	with	both	

decline	in	the	level	of	mRNA	per	cell	and	in	the	number	of	VIP-producing	cells	in	the	

SCN	 [Krajnak	 et	 al.,	 1998].	 This	 is	 well	 supported	 by	 human	 research,	 showing	 a	

decreased	number	of	VIP	neurons	in	the	SCN	of	middle-aged	males	[Zhou	et	al.,	1995;	

Zhou	and	Swaab,	1999].	The	disruption	of	VIP	expression	has	functional	implication	in	

circadian	 clock	 aging.	 It	 has	 been	 reported	 that	 the	 extent	 of	 changes	 of	 circadian	

amplitude	 of	 behaviour	 with	 advancing	 age	 is	 correlated	 with	 the	 number	 of	 VIP-

expressing	SCN	neurons	in	humans	[Wang	et	al.,	2015].	Correspondingly,	the	presence	

of	VIP-expressing	transplanted	cells	successfully	restores	circadian	output	behaviour	

and	physiology	in	aged	mice	[Li	and	Satinoff,	1998].		

	

Existing	 findings	 suggest	 a	 disrupted	 cellular	 coupling	 of	 the	 SCN,	 yet	 the	 circadian	

rhythmicity	within	individual	cells	seems	to	play	less	important	role.	Accordingly,	the	

molecular	clockwork	is	believed	to	be	intact	at	the	cellular	level	[Nakamura	et	al.,	2016].	

A	recent	study	using	an	ultra-sensitive	camera	system	is	capable	to	record	single	cell	

imaging	 in	 PER2::LUC	 reporter	 mice,	 revealing	 clear	 circadian	 rhythms	 and	 similar	

amplitude	in	each	cells	in	both	young	and	aged	SCN.	Furthermore,	each	rhythm	rapidly	

becomes	desynchronized	and	dissociated,	gradually	drifts	out	of	phase	with	each	other	

in	associated	aged	SCN	cells	[Nakamura	et	al.,	2015],	again	indicating	a	faulted	network.		

	

Results	of	the	aging	studies	in	Drosophila	are	somehow	similar	to	those	in	mammals,	and	

there	is	a	convincing	pattern	of	decline	in	synchronization	among	central	clock	neurons.	

The	reduction	of	the	PDF	levels	in	the	central	clock	network	is	consistent	[Luo	et	al.,	
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2012;	Umezaki	et	al.,	2012].	Moreover,	overexpression	of	PDF	in	PDF-positive	neurons	

increases	clock	gene	expression	in	specific	central	clock	neurons,	and	partially	rescues	

rhythmicity	and	period	changes	of	output	behaviour	in	old	flies	[Umezaki	et	al.,	2012].	

These	 findings	 indicate	the	 important	role	of	PDF	 in	 the	aging	process,	as	well	as	 it	

implication	 in	 age-associated	 attenuation	 of	 intercellular	 communication	 in	 the	

circadian	neuronal	network.	The	theory	is,	with	advancing	age,	it	becomes	increasingly	

difficult	for	the	rhythms	of	individual	neurons	to	remain	synchronized	with	each	other	

and	thus	the	rhythmic	output	of	the	network	becomes	fragmented	[Banks	et	al.,	2016].	

	

The	existing	evidence	strongly	points	at	a	damaged	network	of	the	circadian	system	with	

advancing	 age.	 Here	 we	 predict	 a	 hypothesis	 that	 the	 network	 may	 serve	 as	 a	

protective	mechanism	rather	than	a	pure	victim	under	the	attack	of	aging.	It	cannot	be	

denied	that	the	network	is	targeted	by	the	aging	process,	showing	functional	decline,	

nonetheless	it	is	still	a	crucial	player	in	the	anti-aging	fight.	Age-induced	dampening	of	

circadian	rhythms	of	neuronal	activity	is	greater	on	the	cellular	level	compared	to	the	

whole	SCN	in	vitro	[Farajnia	et	al.,	2012]	or	in	vivo	[Nakamura	et	al.,	2011],	suggesting	

a	compensatory	role	of	the	SCN	network	which	is	capable	to	cover	for	cellular	defects	

under	aging	to	a	certain	extent	[Farajnia	et	al.,	2014].	Another	strong	piece	of	evidence	

lies	 in	the	finding	of	normal	molecular	oscillation	 in	the	aged	SCN	 in	vivo	but	 faster	

decline	 in	 vitro	 [Tahara	 et	 al.,	 2017],	 indicating	 the	 maintenance	 of	 the	 systemic	

network	 is	 a	 compensating	 mechanism	 towards	 aging.	 In	 conclusion,	 the	 delicate	

network	system	holds	the	entire	clock	organization	tightly	together	when	challenged	

by	aging,	even	undergoing	inevitable	deterioration	itself.	
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Aside	from	the	impairment	of	the	central	clock,	another	possible	mechanism	underlying	

circadian	disruption	with	increasing	age	is	the	degradation	of	the	peripheral	clocks.	It	

is	generally	believed	that	peripheral	clocks	go	through	more	serious	damage	than	the	

central	pacemaker,	as	we	show	in	the	current	Drosophila	study	(refer	to	Chapter	Three	

AGING).	Despite	the	reasons	having	not	been	fully	revealed,	one	of	the	possibility	is	

that	peripheral	tissues	lack	of	the	tight-coupling	network	system	that	is	unique	to	the	

central	clock,	which	may	work	as	a	protective	mechanism	as	we	mentioned	above.	It	

is	not	hard	to	imagine	that	the	breakdown	of	the	network	should	not	only	exist	within	

the	central,	but,	inevitably	and	more	dramatically	occur	in	the	peripheral	clocks,	since	

they	 are	 far	 more	 complicatedly	 structured	 yet	 far	 less	 efficiently	 coordinated.	 As	

consequence,	such	loose	network	structure	put	peripheral	clocks	in	a	more	vulnerable	

status,	making	them	easily	targeted	by	pathological	processes	such	as	aging.		

	

It	has	been	reported	that	rhythms	of	neuronal	output	activity	are	clearly	degraded	in	one	

of	 the	 peripheral	 tissues	 (the	 sub-paraventricular	 zone)	 in	 the	 mammalian	 brain	

[Nakamura	et	al.,	2011].	Nonetheless,	a	recent	study	has	shown	that	neuronal	firing	is	

not	affected	by	aging	at	either	the	single	cell	 level	or	as	the	overall	pattern	 in	mice	

motor	 cortex	 [McKillop	 et	 al.,	 2018].	 So	 far	 there	 are	 a	 relatively	 small	 number	 of	

studies	focusing	on	the	molecular	changes	in	aged	peripheral	clocks.	In	addition,	it	is	

even	more	difficult	to	see	a	uniform	pattern	due	to	the	diversity	that	aging	impacts	on	

all	 oscillatory	 tissues	 [Yamazaki	 et	 al.,	 2002].	 Based	 on	 existing	 data,	 changes	 of	

rhythmic	 clock	 gene	 activity	 have	 been	 observed	 in	 some	 but	 not	 all	 peripheral	
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oscillators	 in	 a	 strong	 tissue-dependent	 manner	 in	 rodents	 and	 humans	 (refer	 to	

Chapter	Three,	Section	3.2).		

	

It	is	known	that	organs	age	at	different	rates	with	tissue-specific	signatures	[Girardot	et	al.,	

2006],	 adding	 the	 complexity	 of	 age-related	 properties	within	 individual	 oscillatory	

tissues.	 Further,	 the	 changes	 in	 peripheral	 oscillator	 behaviour	may	not	only	 result	

from	intrinsic	alterations	within	the	tissues	themselves,	but	also	be	a	consequence	of	

the	reduction	of	their	responsiveness	to	internal	or	external	temporal	cues.	Our	result	

shows	the	inefficiency	of	strong	light	and	temperature	entrainments	on	rescuing	the	

age-related	deterioration	of	the	peripheral	oscillators	(refer	to	Chapter	Three	AGING).	

It	 indicates	that	 the	 impairment	of	 the	peripheral	 input	pathway	may	be	a	possible	

mechanism	 involved	 in	 the	 aging	 process.	 It	 is	 supported	 by	 the	 finding	 that	 the	

photoreceptor	CRY	reduces	at	both	mRNA	and	protein	 levels	 in	peripheral	clocks	of	

aged	 Drosophila.	 Further,	 restoration	 of	 an	 effective	 input	 signal	 through	

overexpressing	CRY	in	the	peripheral	clocks	can	reverse	decline	of	circadian	rhythms	

and	benefit	health	[Rakshit	and	Giebultowicz,	2013].		

	

Finally,	we	find	that	the	clock	stops	ticking	properly	not	at	the	time	of	death,	rather,	 its	

functional	collapse	happens	ahead	of	death	as	a	red	flag	sign	(refer	to	Chapter	Four	

DEATH).	The	molecular	clockwork	at	the	periphery	throughout	the	body	increases	the	

clock	gene	expression	in	the	last	few	days	before	death,	opposite	to	its	declining	trend	

with	advancing	age.	It	could	reflect	a	stress	response	or	a	compensatory	mechanism.	

Addition	with	the	total	loss	of	behavioural	rhythms,	they	together	illustrate	a	deeply	
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dysfunctional	clock	at	the	final	stage	of	life.	Instead	of	being	as	a	cascade	event	under	

the	process	of	 death,	 the	 intense	 reaction	of	 the	 circadian	 clock	occurs	 before	 the	

systemic	 breakdown	 of	 the	 entire	 body.	 Beyond	 the	 role	 as	 a	 marker	 predicting	

imminent	death,	the	clock	is	very	likely	to	contribute	to	the	events	causal	for	death.	Of	

course	it	still	leaves	an	intriguing	question	that,	as	one	of	the	once-in-a-lifetime	events	

such	as	eclosion	in	early	Drosophila	development,	whether	the	timing	of	death	is	also	

under	clock-regulated?	

	

In	summary,	the	deterioration	of	various	level	of	circadian	clock	system	at	various	layers,	

occurring	 at	 different	 rates	 and	 at	 different	 times,	 all	 contributes	 to	 the	 aging	 and	

death	process.	Without	doubt,	the	entire	clock	organization	is	affected,	showing	age-

related	 alternations	 at	 the	 cellular,	 intercellular,	 tissue	 levels	 at	 both	 central	 and	

peripheral	 layers,	 to	 different	 extent.	 The	 combination	 of	 these	 impairments	 is	

reflected	 by	 the	 layout	 at	 the	 body	 level,	 resulting	 in	 a	 disrupted	 behavioural	 or	

physiological	output	rhythms	seen	in	elderly	people	or	aged	animals.	
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5.4	The	Dynamic	Network	

	

The	two	dimensions	of	the	circadian	clock,	spatially	from	the	centre	to	the	periphery	(each	

comprising	the	input,	the	molecular	oscillator	and	the	output),	as	well	as	temporally	

from	the	birth	to	the	death,	have	been	characterized	in	this	study.	We	emphasize	the	

dynamic	changes	of	the	circadian	network	as	well	as	each	interconnected	component,	

as	shown	in	the	dynamic	network	model	(Figure	5-1).	

	

	 	



Figure 5-1. The Dynamic Network of the Circadian System
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At	 the	 longitudinal	 view	 throughout	 lifespan	 in	 Drosophila	 (Figure	 5-2A),	 the	 central	

molecular	clock	develops	early	at	embryonic	stage	and	continues	to	stay	robust	when	

the	animal	ages.	By	contrast,	the	peripheral	molecular	clock	matures	later	at	the	adult	

stage	and	shows	decline	with	advancing	age,	ending	up	with	an	outbreak	in	the	last	

days	of	life.	Entrainment	of	the	central	clock	establishes	during	embryogenesis,	which	

is	 earlier	 than	 that	 of	 the	 peripheral	 clock	 which	 occurs	 in	 the	 adult.	 Rhythms	 of	

locomotor	activity	emerge	from	adult	onwards,	deteriorate	with	increasing	age	[Koh	

et	al.,	2006]	and	lose	rhythmicity	completely	preceding	death.		

	

At	the	cross-sectional	view	of	specific	age	in	Drosophila	(Figure	5-2B),	early	development	

stage	shows	a	rhythmic	central	clock	and	emerging	but	not	yet	synchronized	peripheral	

clocks.	 Adult	 stage	 shows	 a	mature	 clock	 system	 composed	 of	 the	 well-functional	

central	and	peripheral	components.	The	aging	stage	shows	a	robust	central	clock	and	

declined	peripheral	clocks,	and	finally	at	the	stage	before	death,	severe	disruption	is	

found	at	the	peripheral	level	but	not	at	the	central	level	[Luo	et	al.,	2012].	
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Within	 the	network	 system	of	 the	 circadian	 clock,	 peripheral	 oscillators	 are	one	of	 the	

crucial	elements.	When	the	spotlight	has	always	been	projected	on	the	central	clock,	

it	makes	peripheral	clocks	less	thoroughly	studied	even	though	they	constitute	a	large	

proportion	 of	 the	 circadian	 organization.	 Our	 findings	 have	 shed	 light	 on	 these	

peripheral	 clocks,	not	only	pointing	out	 their	 later	development	at	 the	whole	body	

level,	but	also	more	importantly,	revealing	their	role	as	the	major	victim	at	both	critical	

times	 of	 aging	 and	 death.	 As	 an	 important	 player	 within	 the	 circadian	 network,	

peripheral	clocks	should	be	valued	more	in	their	normal	function	and	their	malfunction	

during	certain	pathological	conditions.	
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5.5	The	Implication	in	Reality		

	

Circadian	rhythms	structure	life.		

	

The	 coordination	 of	 the	 circadian	 network	 has	 a	 pronounced	 impact	 on	 metabolic,	

physiological	 and	 neurological	 functions,	 overall	 health,	 and	 disease	 susceptibility,	

throughout	 life	 history	 among	 various	 organisms	 including	 humans	 [Gibson	 et	 al.,	

2009].	It	is	not	difficult	to	imagine	how	health	would	suffer	when	the	RULE	of	‘Circadian	

Resonance’	is	challenged.	There	is	substantial	evidence	showing	that	an	impaired	clock	

can	 lead	 to	 negative	 consequences,	 including	 sleep	 disorders	 (with	 subsequent	

cognitive	and	other	behaviour	problems)	[Van	Someren	and	Riemersma-Van	Der	Lek,	

2007;	 Wu	 and	 Swaab,	 2007;	 Rakshit	 and	 Giebultowicz,	 2013],	 metabolic	 diseases,	

cancer	[Sahar	and	Sassone-Corsi,	2009;	Maury	et	al.,	2010],	onset	of	late	life	diseases,	

increase	of	morbidity	and	mortality	risk	[Kondratov	et	al.,	2006;	Antoch	et	al.,	2008;	Yu	

and	Weaver,	2011],	and	reduction	in	lifespan	[Liu	and	Chang,	2017].		

	

Circadian	disruption	is	commonly	caused	by	the	misalignment	of	the	external	influence	of	

Zeitgebers	 and	 internal	 circadian	 clock.	 Symptoms	 of	 fatigue,	 disorientation,	 and	

insomnia	are	seen	in	jet-lagged	travellers,	as	well	as	altered	hormone	profiles,	elevated	

risks	of	cardiovascular	disease	and	cancer,	and	high	morbidity	seen	 in	shift	workers	

[Froy,	 2011;	 Banks	 et	 al.,	 2016].	 Aside	 from	 the	 desynchronization	 between	

endogenous	timing	system	and	astronomical	time,	conflicts	could	also	exist	between	
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central	and	peripheral	clocks	due	to	their	differential	rates	of	adjustment	in	different	

circumstances	[Davidson	et	al.,	2009].	In	the	case	of	aging,	misalignment	between	the	

central	pacemaker	and	oscillators	in	the	peripheral	tissues	is	assumed	to	be	prominent.	

Harmonious	 interaction	 between	 the	 centre	 and	 periphery	 is	 needed	 to	 maintain	

critical	homeostasis	and	assure	healthy	physiology	[Brown	and	Azzi,	2013].	It	is	likely	

that	additional	pathologies	may	result	from	uncoupling	between	the	principal	and	the	

secondary	circadian	oscillators,	such	as	cardiovascular	diseases,	metabolic	disorders,	

neuropsychiatric	 disorders	 and	 cognitive	 deficits,	 sleep	 disorders,	 gastrointestinal	

diseases,	 fertility	 problems,	 immune	 dysfunction,	 and	 cancer	 tendency	 [Arellanes-

Licea	et	al.,	2014].		

	

On	the	other	side	of	the	coin,	a	regular	and	strong	environmental	Zeitgeber	is	especially	

important	 to	 the	 reintroduction	 of	 healthy	 rhythms	 which	 may	 help	 fight	 the	

deleterious	 effects	 of	 circadian	misalignment.	 The	 clinical	 applications	 of	 light	 and	

melatonin	as	circadian	synchronizers	have	shown	promising	result	on	health	benefits	

in	 aged	 people	 with	 neurodegenerative	 diseases	 such	 as	 Alzheimer’s	 disease	

[Riemersma-van	der	Lek	et	al.,	2008;	Kondratova	and	Kondratov,	2012;	Duffy	et	al.,	

2015;	Banks	et	al.,	2016].		

	

Considering	 that	 the	 peripheral	 clocks	 are	 a	 definite	 target	 of	 aging	 from	 our	 study	 in	

Drosophila,	 more	 resource	 should	 be	 placed	 on	 this	 relatively	 unploughed	 area	 of	

Chronobiology.	Especially	when	speaking	about	intervention,	strategy	might	need	to	

adjust	 accordingly,	 based	 on	 the	 different	 characteristic	 between	 the	 central	 and	
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peripheral	clocks.	For	instance,	food	is	a	more	efficient	agent	to	entrain	the	peripheral	

clocks	 in	mammals	 compared	 to	 light.	 Thus	 timed	 food	 delivery	 could	 serve	 as	 an	

effective	means	to	resynchronize	circadian	timing	in	old	individuals.	Furthermore,	once	

the	 peripheral	 clocks	 are	 damaged,	 it	 inevitably	 comes	with	 the	 desynchronization	

between	 themselves	 and	 the	 central	 pacemaker.	 Correspondingly,	 this	 could	make	

peripheral	clocks	be	a	potential	candidate	for	rescuing	circadian	clock	impairment,	and	

more	generally	for	health	improvement	in	different	pathological	situations.	
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5.6	Message	to	the	Future	

	

Science	is	about	exploration	of	the	unknowns	and	truth-seeking.	This	four-year	journey	for	

me	has	been	intimidating	yet	impressive,	with	the	belief	that	whatever	comes	to	an	

end	is	just	the	beginning	of	the	next	expedition.		

	

When	 we	 look	 back	 a	 century	 ago,	 an	 inspiring	 theory	 was	 proposed	 that	 unicellular	

organisms	 are	 actually	 immortal,	 and	 the	 concept	 of	 mortality	 is	 only	 applied	 to	

multicellular	organisms	[Pearl,	1922].	 It	 illustrates	the	sacrifice	of	the	evolution	 into	

complexity.	It	reminds	me	of	this	study	that	aging	and	thus	death	may	largely	due	to	

the	 failure	of	 the	system	rather	 than	 individual	 cells	or	even	 individual	 tissues.	The	

network	 fails	 because	 communication	 is	 necessary	 yet	 inadequate,	 leading	 to	 a	

disintegrated	system.		

	

Accordingly,	we	have	studied	the	circadian	changes	at	the	body	level	to	start	with,	despite	

that	the	central	and	peripheral	players	can	be	distinguished,	the	details	within	each	

tissue	and	cell	are	left	to	be	disclosed	in	future	studies.	Hopefully	in	the	upcoming	era,	

every	 gear	 and	 every	 hinge	 of	 the	 circadian	 clock	 can	 go	 through	 high-resolution	

dissection	and	their	time-series	changes	can	be	continuously	recorded	from	birth	to	

death	in	freely-moving	animals	in	vivo.	

	

When	look	into	the	future,	understanding	the	life	traits	of	the	circadian	clock	horizontally	
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and	vertically	should	have	implication	on	health	benefits.	Studies	on	development-	or	

age-related	diseases	may	be	inspired	by	the	perspectives	from	Chronobiologists,	and	

the	gate	for	interdisciplinary	collaboration	will	be	opened.	
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The life story of a kingdom in my telling has come to an end.  

It arises from the ground as bricks and tiles, stands up high, and fades into 

dilapidated walls and dust.  

Its beauty and loneliness, glory and shadow, shall be remembered. 
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A B S T R A C T

The circadian clock drives periodic oscillations at different levels of an organism from genes to behavior. This
timing system is highly conserved across species from insects to mammals and human beings. The question of
how the circadian clock is involved in the aging process continues to attract more attention. We aim to char-
acterize the detrimental impact of aging on the circadian clock organization. We review studies on different
components of the circadian clock at the central and periperal levels, and their changes in aged rodents and
humans, and the fruit fly Drosophila. Intracellular signaling, cellular activity and intercellular coupling in the
central pacemaker have been found to decline with advancing age. Evidence of degradation of the molecular
clockwork reflected by clock gene expression in both central and peripheral oscillators due to aging is in-
adequate. The findings on age-associated molecular and functional changes of peripheral clocks are mixed. We
conclude that aging can affect the circadian clock organization at various levels, and the impairment of the
central network may be a fundamental mechanism of circadian disruption seen in aged species.

1. Introduction

The circadian clock is the endogenous pacemaker that generates the
˜24 h daily rhythms in behavior, physiology, metabolism and cellular
processes, such as body temperature, endocrine secretion, sleep-wake
cycles and locomotor activity (Panda et al., 2002). These circadian
output rhythms and the intrinsic clock mechanism not only synchronize
with environmental rhythms (entrainment) but also persist under
constant conditions (free-running).

Aging is the inevitable process of functional decline and the circa-
dian timing system is also susceptible, showing progressive deteriora-
tion with advancing age. As a prominent signature of aging, the decline
of circadian output rhythms has been widely observed in fruit flies and
mammals including humans (Kondratova and Kondratov, 2012). In
humans, the circadian output changes associated with aging include the
reduction of the amplitude and earlier timing of phase of daily rhythms,
both evident in body temperature and sleep-wake cycle, as well as a
disruption of quantity and quality of nocturnal sleep (Duffy et al., 2015;
Hood and Amir, 2017). Mammalian studies on aging demonstrate
change in the free-running period, shift in the phase and weakening of
rhythmicity, which have been reported in body temperature, locomotor
activity patterns and drinking behavior (Froy, 2011). Similarly, pro-
longed free-running period, decline in sleep consolidation and decrease
of overall rest-activity rhythm strength, have been revealed in Droso-
phila (Koh et al., 2006; Umezaki et al., 2012).

It is widely accepted that the molecular mechanism of the circadian
clock can be found in nearly all cells of the body (Brown and Azzi,
2013). Correspondingly, the circadian timing system is composed of a
number of tissues and organs comprising cell-autonomous circadian
oscillators. The well-organized circadian network is formed with in-
terconnected cellular oscillators within individual tissues and organs,
and these cooperate with each other within the system (Mohawk et al.,
2012). Arguably the impact of aging on the circadian clock is likely to
be complex, with the possibility that the clock can be arrested at the
cellular, tissue/organ or systemic levels resulting in desynchrony. In the
first part of this review, we introduce the architecture of the circadian
clock system, and in the second, summarize how aging affects the
function of different parties in the clock organization.

1.1. The functional organization of the circadian clock

The circadian clock consists of the central pacemaker and numerous
peripheral oscillators, and each can be dissected into functional units
showing circadian properties at the cellular and tissue/organ levels. In
view of this, a circadian pattern of clock gene expression has been
shown in individual cells and the tissue of the mammalian central clock
(Honma, 2018). Likewise, evidence of the existence of clock mechanism
has been found in peripheral cells and tissues/organs (Dibner et al.,
2010). Ultimately, these circadian components collaboratively con-
tribute to the timed functioning of the organism.
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1.1.1. Central clock at the tissue, intracellular and intercellular levels
The central clock in mammals is situated in the suprachiasmatic

nucleus (SCN), which has been identified as both necessary and suffi-
cient for controlling circadian physiology and behavior through a series
of classic lesion and transplantation experiments (Lehman et al., 1987;
Ralph et al., 1990; Stephan and Zucker, 1972). The SCN can be divided
into regions exhibiting sequential spatiotemporal activation patterns of
clock gene expression (Foley et al., 2011; Yamaguchi et al., 2003) and
phase adjustment at different rates in response to light stimuli
(Nakamura et al., 2005), as well as distinctive distribution of calcium
rhythm (Enoki et al., 2012, 2017). The SCN is mainly entrained by the
light, which is perceived by the retina and then transmitted to the SCN
via the retinohypothalamic tract (RHT). The SCN receives direct photic
input from intrinsically photoreceptive retinal ganglion cells (ipRGCs),
in this case, the ipRGCs-expressing photo-pigment melanopsin are
considered the principal circadian photoreceptors (Do and Yau, 2010).

In the Drosophila brain, the central circadian clock in each hemi-
sphere is composed of approximate 150 pacemaker neurons, which are
divided into multiple clusters based on their location, size, neuropep-
tide expression and function. These are dorsal lateral neurons (LNd),
pigment dispersing factor (PDF)-expressing large ventral lateral neu-
rons (l-LNv), lateral posterior neurons (LPN), PDF-positive small ventral
lateral neurons (s-LNv), PDF-negative s-LNv, anterior dorsal neurons 1
(DN1a), posterior dorsal neurons 1 (DN1p), dorsal neurons 2 (DN2) and
dorsal neurons 3 (DN3) (Helfrich-Förster, 2005).

First and foremost, the circadian clock is driven by the transcription-
translation feedback loops of clock gene expression existing at a cellular
level. Most clock genes are well conserved from insects to humans and,
with few exceptions, play similar roles in the timekeeping mechanism.
The details of transcription-translation feedback loops in animals are
described elsewhere (e.g. Hardin and Panda, 2013). Briefly, in Droso-
phila, the negative feedback loop is mainly composed of gene period
(per) and timeless (tim), whose translational products PERIOD (PER) and
TIMELESS (TIM) in cytoplasm form a heterodimer. This enters the
nucleus to inhibit the transcription of per and tim themselves. The po-
sitive feedback loop primarily consists of the gene clock (clk) and cycle
(cyc), whose corresponding proteins CLOCK (CLK) and CYCLE (CYC)
heterodimerize in the nucleus. They then facilitate transcription of
other clock genes such as per and tim by recognizing their specialized
promoter regions known as the E-box. These two feedback loops work
closely together in an antiphase manner to generate circadian rhythms.
The circadian molecular mechanism is mirrored in mammals, with a
pair of transcriptional factors CLOCK and BMAL1 which form hetero-
dimer to activate the transcription of genes encoding their repressors,
PERIOD 1–3 (PERs) and CRYPTOCHROME 1–2 (CRYs).

Secondly, in order to produce functional cellular oscillations within
the SCN, reciprocal interaction between molecular and cytosolic clocks
is necessary (O’Neill and Reddy, 2012). The relationships among cel-
lular membrane events, intracellular signaling cascades and transcrip-
tional-translational regulation have been increasingly studied but not
totally elucidated. The molecular clock machinery in SCN neurons
drives neural activities such as a daily oscillation in spontaneous firing
rate (namely membrane excitability or action potential) (Enoki et al.,
2017). This in turn plays an essential role in the cellular expression of
clock genes as well as the coupling between individual neurons within
the SCN (Colwell, 2011; Yamaguchi et al., 2003). Recent data also
suggest the essential contribution of intracellular signaling to the
timekeeping mechanisms, and the calcium rhythmicity is one such ex-
ample (O’Neill and Reddy, 2012). Found at a single-cell level in the
SCN, robust circadian calcium rhythms play an important role to
mediate the input signals to the core molecular loop for circadian
rhythm generation (Enoki et al., 2012) and regulate the synchroniza-
tion of rhythmicity across the population of SCN clock cells (Nahm
et al., 2005). In Drosophila as in mammals, membrane depolarization
and cellular signaling are similarly important for clock function at the
intracellular level (Harrisingh et al., 2007; Nitabach et al., 2002) and at

the intercellular level (Nitabach and Taghert, 2008).
Thirdly, individual cellular oscillators within the SCN are synchro-

nized between each other through intercellular coupling, so that the
entire SCN can perform as an efficient network system. In this case, the
SCN population of neurons can be constrained to a narrow range of
parameters such as ‘free-running period’ corresponding to the circadian
output rhythms (Herzog et al., 2004; Honma et al., 2004). For instance,
the circadian spontaneous firing rhythms are synchronized throughout
the SCN slice (Enoki et al., 2017), though dispersed individual neurons
display heterogeneity in periods, phases and strength of oscillation
(Honma et al., 1998, 2004; Liu et al., 1997; Welsh et al., 1995). In
addition, the essential role of intercellular coupling is also emphasized
by the evidence that densely cultured neurons show not only higher
synchrony but also stronger rhythmicity than dispersed ones (Aton
et al., 2005; Webb et al., 2009).

The specific coupling mechanisms which maintain the SCN neurons
synchronized as a functional unit include synaptic signaling and neu-
ropeptides (Evans, 2016) and the latter one is so far believed to be
unique to the SCN (Liu and Chang, 2017). Acting as the most important
neurotransmitter in the SCN, vasoactive intestinal polypeptide (VIP) is
necessary to synchronize the pace of timekeeping among individual
neurons (Aton et al., 2005; Maywood et al., 2006). It is a given that
inhibition of VIP-mediated coupling leads to loss of synchrony in clock
gene expression throughout the SCN tissue (Abraham et al., 2010).
Although the role of inhibitory neurotransmitter gamma-aminobutyric
acid (GABA) in the SCN neuronal synchronization is still unclear, it is
hypothesized that VIP works with GABA to promote synchrony of
heterogeneous oscillators in the SCN. In this model, VIP produced by
VIP-secreting cells in the SCN works as an essential driver for syn-
chronization while GABA generated from both VIP-secreting and non-
VIP-secreting cells serves as a negative feedback mechanism to balance
cell coupling (Kingsbury et al., 2016).

Similar to the instability of isolated individual cellular oscillators in
the SCN, single Drosophila central clock neurons are weak oscillators
that need to be in an intact circadian circuit to generate robust circa-
dian rhythms (Sabado et al., 2017). A sophisticated network is formed
by the intercellular coupling among different clusters of clock neurons
in Drosophila, and PDF strongly resembles those functions described for
VIP in the SCN. Though only released by s-LNv and l-LNv, PDF also feeds
back to non-PDF neurons, playing a key role in communication within
the central clock neuronal network (Top and Young, 2017). Clock
neurons from flies lacking PDF or PDF receptors are uncoupled and
show impaired rhythmicity (Collins et al., 2014; Lin et al., 2004; Peng
et al., 2003; Yoshii et al., 2009).

In summary, synchronization among the central pacemaker neurons
requires neuropeptide signaling (VIP in the mammalian SCN and PDF in
the Drosophila brain), regulated by a reciprocal interaction between the
molecular clockwork and rhythmic neuronal activity, which in turn
depends on intracellular signaling (Herzog et al., 2017).

1.1.2. Peripheral clocks and their connection with the central clock
The ubiquity of the circadian clock mechanism assures that aside

from the central clock, endogenous oscillators exist in most cells
throughout the body. These individual cells and the functional tissues/
organs they comprise, are the origin of peripheral clocks. In many cases,
peripheral clocks are specifically referred to peripheral tissues that
show circadian clock property (Yamazaki et al., 2000; Yoo et al., 2004).
Mammalian peripheral oscillators residing in cells/tissues/organs show
circadian properties outside the SCN, including various non-SCN brain
regions (such as the hypothalamus, forebrain, olfactory bulb and pineal
gland) and non-neuronal tissues/organs (such as the liver, kidney,
muscle, adipose tissue and blood cells (O’Neill and Reddy, 2011;
Cermakian and Boivin, 2009). Peripheral clocks appear to have a si-
milar molecular makeup to the oscillators in the SCN (Dibner et al.,
2010; Yagita et al., 2001), despite the fact that there are large differ-
ences in the relative contributions of individual clock components as
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well as the largely non-overlapping downstream genes under circadian
control (Mohawk et al., 2012). Outside the central clock in the brain,
peripheral clocks in Drosophila are found in almost all tissues which
display rhythmic per expression (Liu et al., 1988; Plautz et al., 1997),
showing the same core molecular program present in central pacemaker
neurons with diverse tissue-specificity (Ceriani et al., 2002; Krishnan
et al., 2001).

In normal circumstances, circadian oscillators in individual cells are
synchronized within a tissue and individual tissues are kept in a stable
phase-relationship with each other within the circadian system. In view
of this, the SCN is not a generator of peripheral rhythms, instead being a
coordinator and synchronizer at the head of a distributed organization
of individual clocks, mainly through neural and humoral pathways
(Balsalobre, 2002). Many fundamental properties of circadian oscilla-
tions in peripheral clocks in vivo (Tahara et al., 2012) and in vitro
(Izumo et al., 2014) have been shown to persist even in the absence of
SCN function. Meanwhile, it has been reported that clock gene ex-
pression dampens in mammalian peripheral tissues (such as the liver,
spleen, kidney, heart and lung) in vitro within days in constant condi-
tions, but sustains in the SCN explants for weeks (Yamazaki et al.,
2000). Furthermore, in constant conditions, loss of the SCN function
results in peripheral clocks that become desynchronized (Izumo et al.,
2014; Yoo et al., 2004). Likewise, peripheral tissues in Drosophila can be
clearly distinguished from the central oscillators due to their rapid
dampening in constant conditions (Peng et al., 2003). These results
arise from the fact that peripheral clocks are oscillators that require
internal or external signals (including signals from the central clock) to
synchronize and thus sustain their circadian rhythms, whereas the
central clock is able to tick independently without entraining signals
(self-sustaining). One possible explanation is that peripheral clocks lack
the intercellular coupling mechanism that is unique to the central pa-
cemaker (Brown and Azzi, 2013). Deficiency in coupling leads to a loss
of synchrony among individual cells and thus dampening of the en-
semble rhythm at the peripheral population level, from lacking internal
or external cues (Welsh et al., 2004). Taking the argument further, this
could also be the reason why peripheral tissues are more easily affected
when facing challenges such as genetic perturbation in both mammals
(Liu et al., 2007) and Drosophila (Weiss et al., 2014).

The coordination among peripheral clocks in Drosophila, which can
respond directly to the same entrainment cues that set the phase of the
central pacemaker neurons in the brain, is thought to occur mainly via
light and temperature sensitive intracellular pathways (Agrawal et al.,
2017; Dubruille and Emery, 2008; Krishnan et al., 2001). In this way,
some peripheral clocks can maintain synchrony with external en-
vironmental cues independent of input from the central clock, such as
the Malpighian tubules (Giebultowicz and Hege, 1997) and the antenna
(Krishnan et al., 1999; Tanoue et al., 2004). Other peripheral oscillators
such as the prothoracic gland are driven by the central clock, similar to
those in mammals (Myers et al., 2003; Selcho et al., 2017). Meanwhile,
an exceptional case has been reported in the fat body, where the cycling
of some genes depends on the local clock whereas that of other genes
occurs in response to central brain signals (Xu et al., 2008; Erion et al.,
2016).

1.2. The circadian clock and aging

Some of the mammalian and Drosophila studies suggest that the
function of the central and peripheral clocks is weakened by the aging
process. Conversely, minimal or even no impact has been revealed in
other studies. Clear evidence has been found to point at a damaged
network at the central level which is related to aging process, whereas
core molecular clock mechanism seems to stay intact based on current
aging research findings. In this part of the review, we focus on how the
function of the circadian clock changes with advancing age, including
alterations of the circadian signals at the tissue and cellular levels (such
as the neuronal electrical activity), the neuronal network interactions

(such as neuropeptides in the SCN), the intracellular properties (such as
membrane potential and ionic currents), as well as the expression of
clock genes and their protein products.

1.2.1. The impact of aging on the central clock
The first clue that the central clock is involved in aging process

comes from transplantation studies. Implantation of fetal SCN tissue in
old animals rescues circadian output function such as daily behavioral
rhythms in hamsters (Viswanathan and Davis, 1995) and diurnal
rhythms of hormones in rats (Cai et al., 1997). Furthermore animals
that have restored higher clock function end up with increased long-
evity (Hurd and Ralph, 1998). However, it is still unclear whether
circadian decline observed in aged animals is paralleled with age-as-
sociated alterations in the structural organization of the SCN. The re-
sults of the changes of the SCN in both volume and total cell numbers
under aging in both humans and rodents are mixed (Hood and Amir,
2017). For instance, despite that SCN neuronal cells have been found to
reduce with increasing age in rats (Tsukahara et al., 2005), there are a
number of studies showing no loss in the total number of cells (Madeira
et al., 1995; Roozendaal et al., 1987) or the volume (Madeira et al.,
1995; Tsukahara et al., 2005) of the SCN.

There is good evidence that with age comes impairment of light
transmission from eye to the SCN, as well as the reduction of respon-
siveness of the SCN to light (Asai et al., 2001; Kolker et al., 2003; Lupi
et al., 2012; Zhang et al., 1998). Despite this there is no reported age-
related change of the RHT (Lupi et al., 2012; Zhang et al., 1998), but
extensive evidence points to the decrease of short-wavelength light
passage through the yellowing and thickened lens with increasing age
in humans (Brainard et al., 1997; Kessel et al., 2010; Najjar et al., 2014)
and rodents (Zhang et al., 1998). Aside from the decline of retinal
function observed in humans (Freund et al., 2011; Gerth et al., 2002),
the number of ipRGCs has been reported to decrease with advancing
age in mice (Semo et al., 2003). Therefore a plausible mechanism of
circadian clock decline is weaker entrainment by light leading to de-
synchrony among oscillators within the SCN. This in turn feeds back on
the circadian clocks throughout the body worsening the systemic effect.

The results of age-associated decline in SCN neuronal activity at the
tissue level are consistent, which may account for behavioral and
physiological impairment. The electrical activity patterns of SCN neu-
rons measured by multiunit activity (MUA) recordings indicate that the
amplitude of SCN activity decreases with increasing age in brain slice
preparations in vitro (Biello, 2009; Nygård et al., 2005; Satinoff et al.,
1993; Watanabe et al., 1995) and in vivo (Nakamura et al., 2011). The
decrease in neuronal electricity rhythms may reflect a loss of coherence
in firing patterns across SCN cells in aged animals, ending up with a
phase desynchronization. This hypothesis is supported by the findings
of a wider phase distribution and an antiphase activation of cluster of
cells during the night (Farajnia et al., 2012), as well as an elevated
number of silent cells during the day (Nygård et al., 2005) with ad-
vancing age.

One of the possible explanations to the deterioration of the SCN
neuronal signals at the tissue level is the age-related degradation of the
central network system (Nakamura et al., 2016). Correspondingly,
rhythms of clock gene expression recorded at single cell level rapidly
become desynchronized and dissociated and gradually drift out of
phase with each other in associated SCN neurons from aged animals,
while those in young SCN cells stay synchronized (Nakamura et al.,
2015), indicating a ‘network fault’ due to aging.

The communication among SCN neurons undergoes significant im-
pairment in aged animals due to lacking of effective messengers. It has
been reported that the expression level and the amplitude of VIP mRNA
and the expression level of its receptor mRNA in the SCN decrease in
the course of mammalian aging (Kalló et al., 2004; Kawakami et al.,
1997). Such attenuation is associated with both a decline in the level of
mRNA within each cell as well as in the number of VIP-producing cells
in the SCN (Krajnak et al., 1998). This is well supported by human
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research, showing decreased number of VIP neurons in the SCN of
middle-aged males (Zhou et al., 1995; Zhou and Swaab, 1999). The
disruption of VIP expression has functional implications in the aging of
the circadian clock. The extent of age-related changes of circadian
amplitude of behavior rhythms are correlated with the number of VIP-
expressing SCN neurons in humans (Wang et al., 2015). In addition, the
presence of VIP-expressing transplanted cells successfully restores cir-
cadian output behavior and physiology in aged mice (Li and Satinoff,
1998).

Aside from neuropeptides, quantification of synaptic terminals in
the SCN has demonstrated an age-related reduction in synaptic spines
and a shortening of dendrites (Palomba et al., 2008). This marked re-
duction in the synaptic signaling of the aged SCN affects equally GA-
BAergic terminals and the remaining subset. Furthermore, patch-clamp
recordings in hypothalamic slices show that GABAergic postsynaptic
currents decrease in frequency (Nygård et al., 2005) and amplitude
(Farajnia et al., 2012) in SCN neurons of aged mice.

It is evident that an age-related loss of neuronal connectivity exists
at the central level, but the molecular clock in the SCN as a whole is
relatively resistant to aging (Mattis and Sehgal, 2016). Indeed, a
number of studies have compared the expression of core clock genes in
the aged SCN and have shown conflicting results with either normal or
reduced expression of various clock genes. This is aside from a con-
sistent age-related decline in expression of Bmal1 and a consistent lack
of age-related change in the expression of Per1 (Banks et al., 2016). In a
recent study reporting the gene profiling in the SCN of a primate model,
core clock gene expression at both mRNA and protein level has been
found to stay unchanged in aged animals (Eghlidi et al., 2018). In view
of this, causal links between clock gene expression patterns in the
central clock and age-associated disturbance in circadian rhythms
cannot be conclusively demonstrated. For instance, with the same
purpose to investigate the intrinsic age-related changes of the central
clock mechanism, results of Per2/PER2 expression (same clock gene)
measured in the SCN under constant conditions in aged mice (same
species) when compared with young counterparts from different studies
are diverse. Age-related reduction has been found in Per2 mRNA
measured by in situ hybridization in vitro in free-running aged male
mice (approx. 15 months) when compared to young mice (approx. 4
months) (Weinert et al., 2001). Likewise, the amplitude of PER2::LUC
rhythms in vitro drops markedly in aged male mice (13–15 months)
when compared to young mice (3–5 months) (Nakamura et al., 2015).
Nonetheless, only minor deficits of PER2 expression measured by both
immunohistochemistry and bioluminescence in vitro have been shown
in free-running aged male mice (13–16 months) when compared to
young mice (3–6 months) (Nakamura et al., 2011). In a recent study
where animals with more advancing age are used, Per2 rhythms are
measured in old male and female Per2Luc mice (24–26 months) in vitro,
and the difference is not notable when compared to younger animals
(8–13 months) (Polidarová et al., 2016).

The molecular clockwork is also believed to be intact at the single
cellular level in the central clock (Nakamura et al., 2016). Previous
attempts to measure the clock genes in individual neurons under aging
are contradictory and have shown both preservation of the clock gene
profiles (Asai et al., 2001) and lower amplitude oscillations (Weinert
et al., 2001). A recent study using an ultra-sensitive camera system
capable of recording single cell imaging in PER2::LUC reporter mice,
has provided strong evidence on the preservation of the intracellular
clock mechanism by showing clear circadian rhythms and similar am-
plitude in individual cells in both young and aged SCN (Nakamura
et al., 2015).

Despite maintenance of normal clock gene expression, individual
neurons in the SCN have shown functional decline resulting from aging.
By using long-term single-cell recording in vivo, the effect of aging on
firing rate patterns of individual SCN neurons has been revealed, dis-
playing a decreased amplitude of circadian impulse activity at the
cellular level (Aujard et al., 2001). Not only the neuronal activity, but

also the intracellular signaling is modified by aging process. For in-
stance, the reduction in the circadian amplitude of certain potassium
currents has been observed in aged SCN neurons (Farajnia et al., 2012;
Itri et al., 2005, 2010). Another study also reports the loss of the cir-
cadian modulation of large-conductance Ca2+-activated K+ (BK)
channels (Farajnia et al., 2015). Cellular signaling is important in the
regulation of the resting membrane potential and the action potential,
thus their age-related changes may lead to diminished rhythm of neu-
ronal activity in the SCN cells from aged animals (Farajnia et al., 2012).

Findings in aged Drosophila are similar to those in mammals, in-
cluding a controversial result on changes of molecular oscillators at the
central level and a convincing pattern of decline in intercellular syn-
chronization among central clock neurons. On one hand, it has been
reported that PER and TIM oscillations in almost all central clock
neuron groups (s-LNv, l-LNv, DN1, DN2 and LNd) deteriorate with ad-
vancing age (Umezaki et al., 2012). However, this is challenged by the
finding that PER is robustly expressed in synchrony among different
groups of clock neurons (s-LNv, DN1 and LNd (Luo et al., 2012) and
DN1–3 and LNd (Zhao et al., 2018) in aged flies. On the other hand, the
evidence showing reduction of the levels of PDF in the central clock
network is consistent (Luo et al., 2012; Umezaki et al., 2012). More-
over, overexpression of PDF in PDF-positive neurons increases certain
clock gene expression in specific central clock neurons, which leads to
the partial rescue of rhythmicity and period changes of output behavior
in old flies (Umezaki et al., 2012).

These results in both mammals and Drosophila suggest the important
role of age-associated attenuation of intercellular communication
within the central neuronal network. With advancing age, it becomes
increasingly difficult for the rhythms of individual neurons to remain
synchronized with each other and thus the rhythmic output of the
network is fragmented. Here we predict a hypothesis that the network is
serving as a protective mechanism rather than a pure victim under the
process of aging. Age-induced dampening of circadian rhythms of
neuronal activity is greater at the cellular level when compared to the
whole SCN in vitro (Farajnia et al., 2012) and in vivo (Nakamura et al.,
2011), suggesting a compensatory role of the SCN network capable of
covering for functional deficiency of individual cells under aging
(Farajnia et al., 2014).

1.2.2. The impact of aging on the peripheral clocks
One possible mechanism underlying circadian disruption with in-

creasing age is the attenuation of the SCN’s ability to drive local os-
cillators, leading to relative desynchrony between the SCN and oscil-
lators in the peripheral tissues (Hood and Amir, 2017). There is
evidence suggesting that age-related changes in the SCN can affect the
function of peripheral oscillators, given that the SCN signals such as
neuronal activity decline under aging as discussed above (1.2.1). The
SCN regulates peripheral clocks via pathways including neural control
through the autonomic nervous system and humoral control through
circulation (Mohawk et al., 2012). It has been reported that deficiency
in sympathetic input from the central clock is in part responsible for
age-related disturbance of the peripheral oscillators. For instance, a
weaker response to noradrenergic stimulation as well as decreased
adrenergic receptor mRNA expression in target peripheral tissues have
been found in aged animals (Tahara et al., 2017).

Other findings also support the idea that an age-related dampening
of signal from the master clock may be responsible for functional de-
cline in the periphery. It has been revealed that the entrainment of
peripheral clocks (the esophagus, lung and thymus gland) in aged mice
is slower under a shift of the light-dark (LD) schedule in vitro than the
response in young counterpart, meanwhile a more rapid reaction has
been found in the aged SCN (Sellix et al., 2012). Likewise, phase-re-
setting in the SCN appears nearly normal in aged rats, yet re-
synchronization of peripheral clocks is disrupted in some (such as the
liver) but speeds up in others (such as the arcuate nucleus and pineal
gland) (Davidson et al., 2008). This study raises the concern that tissue-
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specific changes of entraining speed cannot be simply explained by the
weakening signal from the SCN in aged animals, rather, peripheral
oscillators themselves may be affected and directly involved in the
aging process.

The age-related deterioration of circadian signal from peripheral
clocks has been shown in some tissues. For example, the neuronal ac-
tivity rhythms are clearly degraded in one of the peripheral tissues (the
sub-paraventricular zone) in the brain (Nakamura et al., 2011). Ac-
cordingly, studies focusing on the molecular changes in aged peripheral
clocks have indicated disruption in clock gene expression in certain
cases. In a study using Per1 bioluminescence reporter in vitro, circadian
rhythmicity of the lung in aged rats (24–26 months) has been found to
be disturbed (Yamazaki et al., 2002). By using the same technique, Per2
expression in aged mice (24–26 months) has also been shown to decline
in the lung in vitro (Novosadová et al., 2018). Moreover, a human study
has found consistent effects of aging on the circadian pattern of PER1
and PER2 expression in post-mortem brain samples (the prefrontal
cortex) collected from old (> 60 years) and young (< 40 years) sub-
jects, showing a phase advance and an amplitude reduction (Chen et al.,
2016).

One important point to note is that a number of other studies has
found no apparent change of peripheral clocks resulting from the course
of aging. A recent study has revealed that neuronal firing is not affected
by aging at either the single cell level or as the overall pattern in the
mice motor cortex (McKillop et al., 2018). Besides, the circadian ex-
pression profiles of clock gene Per1, Per2, or Cry1 mRNA measured by
reverse transcription polymerase chain reaction (RT-PCR) in vitro are
quite similar between young and aged rats (22–26 months) in the
peripheral tissues (the paraventricular nucleus (PVN) and pineal gland)
(Asai et al., 2001). This finding is supported by subsequent studies
showing almost identical clock genes Per2 and Bmal1 expression by
using similar method between young and aged mice (15 months) in the
brain, heart and liver (Oishi et al., 2011), and normal Per1 and Per2
mRNA in aged mice (> 18 months) in the kidney, liver and sub-
mandibular gland (Tahara et al., 2017). Further, these three peripheral
clocks measured in PER2::LUC aged mice (> 18 months) in vivo exhibit
normal oscillation amplitudes (Tahara et al., 2017). Similarly, with
bioluminescence reporters in vitro, Per1 expression in some peripheral
tissues (the PVN, pineal gland, arcuate nucleus, cornea, pituitary, liver
and kidney) in aged rats (24–26 months) (Yamazaki et al., 2002) and
Per2 expression of the pancreas in aged mice (24–26 months)
(Novosadová et al., 2018) have been found to be unchanged. In a recent
human study, the phase of Per3 expression in peripheral hair tissues
from very old subjects (83–94 years old) has been shown to be similar
with young controls (Yamaguchi et al., 2018).

It is not difficult to tell from these results that there is no clear
evidence pointing at an age-associated peripheral disturbance in
mammals. Under aging, changes of neuronal signal as well as rhythmic
clock gene expression have been observed in some but not other per-
ipheral oscillators. The challenge lies in the fact that a strong tissue-
dependent manner of molecular mechanism within individual oscilla-
tors would complicate the general interpretation when it comes to the
discussion on peripheral clocks and aging. For instance, in addition to
studies mentioned above (Novosadová et al., 2018; Yamazaki et al.,
2002), tissue-dependent changes of CLOCK and BMAL1 expression has
been reported in a number of extra-SCN regions in aged mice (Wyse and
Coogan, 2010).

One potential solution is to look at age-related peripheral alterna-
tions at the cellular level, although current results are inadequate to
draw a confirmative conclusion. It has been reported that circadian
expression of clock genes PER2 and BMAL1 in serum-stimulated se-
nescent cells is significantly impaired compared with that in young cells
both in vitro and in vivo (Kunieda et al., 2006). Nevertheless, it is also
suggested that basic clock properties of peripheral cells do not change
during aging, by showing the identical period length, amplitude, and
phase of Bmal1 expression in aged fibroblast in vitro (Pagani et al.,

2011).
In recent years, instead of only focusing on damage of the core

molecular mechanism, a novel theory putting emphasis on the age-as-
sociated change of the clock-controlled effector genes is rising. Through
analyzing the whole transcriptome in aged mice (> 18 months), it has
been revealed that epidermal and muscle stem cells retain a robust core
circadian machinery, with comparable amplitude and phase both in LD
conditions and the following constant darkness. However, although still
active and rhythmic, the downstream oscillating transcriptome is ex-
tensively reprogrammed, switching from genes involved in homeostasis
to those involved in tissue-specific stresses, such as inflammation, DNA
damage and inefficient autophagy (Solanas et al., 2017).

Concerning the peripheral clocks in Drosophila, many studies in-
dicate age-related molecular decline. First, reduction in amplitude of
circadian clock gene expression has been found throughout the body in
aged animals (Driver, 2000). Likewise, per and tim luciferase reporters
has shown decline in expression of peripheral clocks throughout the fly
body with advancing age (Luo et al., 2012; Zhao et al., 2018). Further,
per mRNA oscillations (Krishnan et al., 2009) as well as per and tim at
both mRNA and protein levels (Luo et al., 2012; Rakshit and
Giebultowicz, 2013) have been reported to decrease in heads of old
flies. It has also been shown in a recent study by using both techniques
of RNA sequencing and qPCR that tim expression declines in aged flies’
heads (Kuintzle et al., 2017).

Even though many results in Drosophila studies show molecular
decline at the gross peripheral level, different tissues or body parts seem
to respond differently. For example, transcriptional oscillations of per
and tim have been proved to decrease in heads but not bodies of aged
flies (Rakshit et al., 2012). As one of the peripheral clocks, the retinal
photoreceptor cells in the compound eyes of old flies show decline in
expression of PER, yet that is not the case for another peripheral os-
cillator, the Malpighian tubules, where strong PER oscillations have
been observed in aged animals (Giebultowicz and Long, 2015).

In brief, it is known that tissues/organs age at different rates and
have tissue-specific signatures in both mammals and Drosophila
(Girardot et al., 2006), adding the complexity of age-related properties
within individual oscillators. Besides, various peripheral tissues/organs
may have different functional implication to the entire circadian
system. Therefore, there is no unifying theory to summarize the com-
prehensive changes of the peripheral clocks due to aging at this stage.

2. Conclusions

In this review we compare the changes of various components of the
circadian clock system at different levels during the aging process. The
main impairment lies in the age-related breakdown of the central net-
work, the maintenance of which could serve as a protective role against
aging. The intercellular coupling as well as the intracellular signaling
have been proved to be disrupted at the central pacemaker. Although
age-associated impairment of the molecular clockwork in central os-
cillators is currently unconfirmed, it is evident that the neuronal ac-
tivity measured from both single-cell and tissue levels declines with
advancing age. The deterioration of the peripheral oscillators, including
molecular machinery, cellular activity and downstream clock-con-
trolled genes, has been proposed in some aging studies. However, the
study on the peripheral field is still largely unclear and one possible
reason is that diverse tissues/organs change differently under the cir-
cumstance of aging. Presumably, the combination of the damage from
various functional units is reflected by the layout at the body level,
resulting in disrupted behavioral or physiological output rhythms seen
in aged animals.

One main limitation of existing studies investigating how the cir-
cadian clock changes with aging is that they have failed to confirm the
causal relationship between the two. On the one hand, it is difficult to
fully ascertain that the effects on the circadian clock seen in the aged
animals are simply due to aging. One cannot exclude that other factors,
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such as disease status, may also actively affect the circadian clock. On
the other hand, it also raises the question of whether the dampening of
the circadian clock rhythms contributes to the aging process. System-
wide knockouts of clock genes creating “accelerated aging” phenotypes
in both Drosophila and mice suggest a causal role of the central and
peripheral molecular clockwork on aging (Hood and Amir, 2017). For
instance, null mutation of the per gene (Krishnan et al., 2009) or tim
gene (Vaccaro et al., 2017) in Drosophila is associated with significantly
shortened lifespan, as well as impaired locomotor rhythm. Likewise,
deficiency of the BMAL1 or CLOCK protein significantly affects long-
evity and results in the development of age-specific pathologies, such as
sarcopenia, osteoporosis and cataracts (Kondratov et al., 2006).

Given that not a particular part but instead the diverse components
of the clock can be affected by aging, rescue strategies should aim at
preservation of the circadian system organization. Caloric restriction
(CR) or dietary restriction (DR) seems to be a desirable candidate to
reset different levels of the clock system to slow down the deterioration
caused by aging. To date, CR/DR is the only known intervention cap-
able of consistently and reproducibly prolonging lifespan in several
animal models from yeast to mammals (Cornélissen and Otsuka, 2017).
The effects of CR/DR are a coordinated systemic response, through
regulation of both central and peripheral oscillators (Guarente, 2013).
At the cellular level, CR/DR has the capacity to prevent the age-asso-
ciated gene reprogramming and to restore homeostasis (Sato et al.,
2017; Solanas et al., 2017). At the central level, CR/DR is implicated in
the regulation of the central pacemaker to maintain robust circadian
control against aging (Chang and Guarente, 2013). At the peripheral
level, CR/DR preserves the cycling of most circadian clock genes which
mediates the lifespan-extending effects (Katewa et al., 2016).

Research on human beings also indicates the protective effect of CR/
DR against age-associated metabolic disarrangement, inflammation and
oxidative stress, sharing similar mechanisms that have been shown in
mammalian studies (Fontana et al., 2010). Although there is no direct
evidence showing that CR/DR prolongs human lifespan, a promising
prospect comes from a more-than two-decade longitudinal study con-
ducted in non-human primate rhesus monkeys (Colman et al., 2009,
2014). It suggests that long-term CR/DR significantly delays the onset
of age-related disorders such as diabetes, cardiovascular diseases and
cancer, and what’s more, reduces the incidence of age-related and all-
cause deaths.

While the link between aging and the circadian clock has attracted
growing interest there is still much to learn. Future studies are war-
ranted to find out answers to questions such as what is the causal re-
lationship between the clock and aging, whether individual clock cells/
tissues/organs contribute to the systemic decline of the circadian or-
ganization, and how the alterations of circadian mechanism contribute
to the behavioral and physiological changes seen in aged species. With
the development of advancing techniques, such as next-generation se-
quencing approaches (Takahashi, 2017) and single-cell circadian re-
porter technology (Hong et al., 2018; Nakamura et al., 2015), the
knowledge will continue to expand towards the broader and deeper
fields. If more is known about the circadian system and its interaction
with aging, we will be able to investigate potential strategies with
which to approach age-associated problems.
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1

The circadian clock is the endogenous pace-
maker, which generates the daily output rhythms in 
behavior, physiology, metabolism and cellular pro-
cesses, and persists in the absence of environmental 
cues (Chang, 2006; Peschel and Helfrich-Förster, 
2011). Entrainment is the synchronization of the 
endogenous clock to fluctuating environmental fac-
tors, which are called zeitgebers, and light is the 
most important one (Peschel and Helfrich-Förster, 
2011). A functional circadian system requires 3 basic 
components: 1) the endogenous circadian oscillator, 
which is temperature compensated, comprising key 

clock genes that regulate their own expression; 2) 
input pathways, which transmit environmental 
information such as light and entrain the circadian 
oscillator; and 3) output pathways, which manifest 
timed behavior and physiology (Yu and Hardin, 
2006). In Drosophila, the central clock is defined as a 
cluster of approximately 150 clock gene-expressing 
neurons in the brain, which regulates circadian 
rhythmicity, such as locomotor activity. These cen-
tral clock neurons are divided into dorsal lateral 
neurons (LNd), large ventral lateral neurons (l-LNv), 
lateral posterior neurons (LPN), small ventral lateral 
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neurons (s-LNv), and dorsal neurons 1-3 (DN1-3) 
(Helfrich-Förster, 2005; Liu et al., 2015; Peschel and 
Helfrich-Förster, 2011). In addition to the central 
clock, peripheral clocks reside in various organs 
and tissues, characterized by the detection of clock 
gene or protein oscillations throughout the animal 
(Ito and Tomioka, 2016).

The circadian clock has profound significance in 
maintaining health throughout life in a range of 
organisms, including humans. The circadian clock 
machinery is largely conserved between humans and 
fruit flies, and Drosophila has been an effective tool for 
elucidating the cellular and biochemical mechanisms 
underlying the circadian system (Panda, 2002). The 
questions of when, where, and how these rhythms 
take place have attracted growing attention in circa-
dian biology. A number of studies have worked on 
the developmental process of the circadian system in 
Drosophila (Glossop et  al., 2014; Houl et  al., 2008; 
James et  al., 1986; Kaneko et  al., 1997; Kaneko and 
Hall, 2000; Liu et al., 2015; Malpel et al., 2002; Malpel 
et al., 2004; Ruiz et al., 2010; Sehgal et al., 1992), yet 
the underlying mechanisms have not been fully 
described. Of particular interest is determining the 
timing of when the central molecular clock starts to 
oscillate and when the peripheral clocks are synchro-
nized in the whole animal.

Adult activity rhythms are the most detailed and 
commonly described output of the Drosophila circa-
dian clock. Sehgal et  al. reported that adult behav-
ioral rhythms could be synchronized by a 12-h light 
pulse administered as early as the first-instar larval 
stage (but not during embryonic stages), implying 
that the circadian clock might function continuously 
from the first larval stage onward (Sehgal et al., 1992). 
Subsequently, it has been demonstrated that a 10-min 
light pulse, different light regimes, and ethanol expo-
sure, in the larvae can affect the adult free-running 
period or shift the phase of adult rhythms (Kaneko 
et al., 2000; Seggio et al., 2012; Sheeba et al., 2002). In 
summary, this supports the idea that a functional cir-
cadian clock is present from the first larval stage.

Driving behavioral rhythms is the “molecular 
oscillator,” which is based on the transcription-trans-
lation feedback loops of several clock genes, includ-
ing period and timeless (per and tim) (Hardin and 
Panda, 2013). The expression of core clock genes and 
their product proteins, including per/PER and tim/
TIM, as well as their regulators, are found in the 
embryonic central nervous system of Drosophila, sug-
gesting that brain oscillator neurons may begin their 
development during embryogenesis. However, the 
restricted 24-h duration of the embryonic stage at 
25°C (typical environmental rearing temperature) 
limits our ability to conclude the existence of circa-
dian pattern of clock gene expression (Glossop et al., 

2014; Houl et al., 2008; James et al., 1986; Liu et al., 
2015; Ruiz et al., 2010).

Immunohistochemistry studies by Kaneko in 1997 
demonstrated that the cyclic expression of PER and 
TIM occurs in the Drosophila larval central nervous 
system (CNS). This required animals to be sacrificed 
every 6 h, with data pooled from different brain sam-
ples (Kaneko et  al., 1997). The question remains 
whether this technique has sufficient resolution to 
represent faithfully the key parameters of circadian 
oscillations. Several studies (Glossop et  al., 2014; 
Houl et al., 2008; James et al., 1986; Liu et al., 2015; 
Ruiz et al., 2010) that put more emphasis on the spa-
tial expression than temporal expression of clock 
genes, have concentrated on where the circadian 
clock may start to “tick” instead of when. Using lucif-
erase as a real-time reporter of gene expression in 
vivo makes it possible to monitor clock-gene levels in 
living individual flies (Stanewsky, 1997). The advan-
tages of this technique when compared with other 
methods include short-interval and long-term mea-
surements, as well as the ability to collect time-series 
data from a single live animal.

Until now, there has been no definite conclusion 
on whether an entrainable clock exits at the end of 
embryonic development. The negative correlation 
between temperature and developmental timing is 
well defined in Drosophila (Kuntz and Eisen, 2014), 
offering the possibility to extend the embryonic stage 
to potentially reveal rhythmicity. A higher tempera-
ture speeds up development, whereas a lower tem-
perature—within the range of 16°C and 29°C—slows 
it down; outside of this range leads to an increase in 
mortality (Economos and Lints, 1986). Thus, 16°C is 
an optimal choice to prolong maximally the embry-
onic stage, and lead to an approximate doubling of 
the developmental time as compared with 25°C; these 
results are based on our previous observations (data 
not shown) and the findings of other studies (e.g., 
Ghosh et  al., 2013). In contrast, circadian clocks are 
temperature compensated; i.e. the frequency of 
molecular and behavioral rhythms remains constant 
at different temperatures (Hall, 1997). Therefore, 
extending developmental time by lowering the ambi-
ent temperature may help to clarify the timing of the 
emergence of an entrainable molecular clock beyond 
the 24-h temporal constraint.

In this study, we aimed to determine when the cen-
tral and peripheral components of the circadian clock 
start to oscillate. First, PER expression was measured 
continuously from the beginning of the embryonic 
stage in individual flies at 25°C and 16°C using lucif-
erase clock-gene reporters. Second, we investigated 
the adult locomotor activity response to timed light 
treatment during pre-adult stages. Third, although it 
is known that the establishment of behavioral 
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rhythms in individual flies does not require exposure 
to light during development, we investigated here if 
this is also true for molecular rhythms of clock gene 
expression.

MatErials anD MEthoDs

Measurement of Clock Gene Expression

Two transgenic reporter lines 8.0-luc and XLG-luc 
were used. XLG-luc contains the per promoter 
sequences plus almost the entire per coding region, 
whereas 8.0-luc contains the same coding region 
without the 5’-UTR sequences (Veleri et  al., 2003). 
Flies were reared on growth-media loaded in stan-
dard plastic Drosophila vials and kept on a 12-12 h LD 
cycle with a constant temperature of 25°C and used 
for real-time bioluminescence recording of per, as 
described previously (Stanewsky, 2007). Individual 
eggs were collected within 4 h of being laid in DD 
and transferred into a single well of a white opaque 
96-well microplate (Greiner Bio-one) under 100-lux
white light. Minimal light was used because eggs
cannot be distinguished under DD even with the aid
of infrared night vision equipment or under red light.
This short-term operation falls in the first half of the
embryonic stage, when neither the molecular clock
nor its light-response has established, according to
our and previous findings (Houl et  al., 2008). Each
well contained growth-media fortified with d-lucif-
erin, and 15 mM potassium salt; wells without ani-
mals were used as controls. Plates were loaded into a
Multimode Plate Reader (EnSpire, PerkinElmer) kept
inside an incubator (Percival Scientific Inc, USA) and
subjected to DD or 12-12 LD cycles. Bioluminescence
levels emanating from each well were recorded from
the embryonic stage onward. Experiments were con-
ducted for 20 days at 25°C and 10 days at 16°C. The
shorter duration at the lower temperature encom-
passed the embryonic and early larval stages, which
were the primary focus of the study.

Monitoring of locomotor activity

For the locomotion assay, wild-type flies were 
maintained as above, and eggs were collected and 
loaded into standard vials all under DD with the aid 
of infrared night vision equipment. Fruit flies from 
one group were kept in DD during the entire experi-
ment, and other groups were given a 12-h 1000-lux 
light pulse at different developmental times within 
the embryonic and early larval stages. When a par-
ticular group of flies was under light treatment, the 
other groups were kept in darkness (as shown in 

Figure 3). Fly locomotor activity was monitored auto-
matically using Trikinetics Drosophila Activity 
Monitors (Waltham, MA, USA), as previously 
described (Zhao et al., 2018). On the days before eclo-
sion, with the aid of infrared night vision equipment 
in DD, individual pupae were transferred into glass 
tubes (8-cm long and 5-mm diameter) with growth 
media at one end, sealed with plastic plugs, and 
plugged with cotton at the other end. Locomotor 
activity, temperature and relative humidity were 
recorded every 5 min for at least 7 days in DD.

statistical analysis

Data are shown as mean and standard error (mean 
[SEM]). Periodogram with Chi-square in ClockLab 
(Actimetrics, USA) was used to analyze free running 
periods (tau), phases, and rhythmicity strength of 
wild-type fly locomotor activity in DD. Lomb-Scargle 
periodograms in ClockLab and MetaCycle (Wu et al., 
2016) were used to analyze periodicity and rhythmic-
ity of bioluminescence signals. P values < 0.05 were 
considered rhythmic.

As the phases of PER expression in individual flies 
(both 8.0-luc and XLG-luc) raised in DD do not neces-
sarily synchronize, rhythms of PER expression were 
aligned post hoc at the data analysis stage. This was 
achieved by manually aligning the acrophase of flies 
across the recording period. To ensure that no larval 
signal was incorrectly assumed to be an embryonic 
signal, we chose a cut-off of embryonic expression of 
24 h (this is the standard embryonic developmental 
time at 25°C).

rEsults

Period Expression in the Central Clock during 
Early Development

To measure PER expression in subsets of the cen-
tral-clock neurons, we used 8.0-luc flies, which 
express a PER-luciferase fusion protein in subsets of 
the dorsal neuronal clusters (DN1-3) and the LNd 
(Veleri et  al., 2003; Yoshii et  al., 2009). Over the 20 
days of continuous recording at 25°C, starting with 
8.0-luc embryos, we found that 81.5% of 8.0-luc indi-
viduals (n = 108) commenced rhythmic PER expres-
sion from the embryonic stage onward in constant 
darkness (DD) (p < 0.05); oscillations in the remaining 
individuals did not reach significance (Figure 1A, B). 
The acrophases of rhythmic individuals occurred at 
different developmental times, with an average of 
16.0 ± 0.6 h after egg collection, corresponding to 
embryogenic stages 16 and 17. Similarly, over the 10 



4 JOURNAL OF BIOLOGICAL RHYTHMS / Month 201X

Figure 1. Bioluminescence time-series data of individual 8.0-luc fruit flies measured in DD at 25°C (a, B) and 16°C (C, D). individual 
bioluminescence (counts per second) is plotted as grey lines and synchronized by acrophases, averaged as black lines. the control is the 
average signal from wells containing only luciferin-media without any flies under the same conditions, represented as black dashed 
lines. Corresponding developmental stages are shown at different temperatures. (a) synchronized PEr expression in 8.0-luc (n = 88) 
during embryonic and early larval stages of the first 72 h after fertilization. the periodogram displays significant circadian rhythm 
(lomb-scargle, p < 0.05) with a 23.6 h tau, and (B) from the embryo until adult (the first 20 days after fertilization), the periodogram 
shows cyclic expression, with a mean period of 24.2 ± 0.1 h, as shown in the box-and-whisker plot. (C) synchronized PEr expression 
in 8.0-luc (n = 31) during the embryonic and early larval stages of the first 96 h after fertilization. the periodogram displays significant 
circadian rhythm (lomb-scargle, p < 0.05) with a 23.6-hour tau, and (D) from the embryonic to the larval stages (the first 10 days after 
fertilization), the periodogram shows cyclic expression, with a mean period of 24.1 ± 0.2 h, as shown in the box-and-whisker plot.
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days of continuous recording at 16°C, 75.6% of 8.0-luc 
flies (n = 41) showed rhythmic PER expression onset 
from the embryonic stage onward in DD (p < 0.05); 
oscillations in the remaining individuals did not 
reach significance (Figure 1C, D). The acrophases of 
rhythmic individuals occurred at 36.7 ± 1.3 h after 
egg collection, with levels falling in the second half of 
embryogenesis. At this lower temperature, where 
embryonic developmental time is doubled, clear 
peaks of PER expression occurred after 24 h and 48 h, 
demonstrating that the molecular clock starts operat-
ing during embryogenesis (Figure 1C). Because 
rhythmic PER expression in DD flies was not syn-
chronized at either temperature, we manually syn-
chronized the signals by aligning the acrophases, 
grouping them as an average signal to visualize 
rhythmicity (Figure 1). At 25°C, grouped PER expres-
sion during the embryonic (24 h) and early larval 
(stages 1 and 2) stages was emphasized (Figure 1A), 
with a free-running period of 23.6 h. At 16°C, grouped 
PER expression during the embryonic (48 h) and 1st 
larval (48 h) stages was emphasized (Figure 1C), with 
a free-running period of 23.6 h.

Period Expression in the Peripheral Clocks during 
Early Development

After observing these per expression patterns at 
the central clock level, we decided to further study 
how PER oscillations develop at the peripheral-clock 
level. To distinguish the effect from the central clock, 
a second per transgenic line, XLG-luc was used, which 
is most likely expressed in many, if not all, per-
expressing cells throughout the adult body, including 
the central and peripheral clock tissues (Stanewsky 
et  al., 1997; Veleri et  al., 2003). However, it mainly 
reports per signals in peripheral clocks because of the 
small number of central brain clock neurons com-
pared with the thousands of clock cells in the rest of 
the body.

Again, because rhythmic PER expression in flies 
reared in DD was not synchronized, we manually 
synchronized the signals by aligning their acrophases 
at 25°C. During the continuous 20-day and 10-day 
XLG-luc recordings at 25°C or 16°C, respectively, we 
found that PER started to rise during the embryonic 
stage. All of the embryos kept in DD (n = 68) and in 
LD (n = 67) at 25°C showed this increase in PER sig-
nal (Figure 2A, B). The rise in PER peaked at the pupa 
and then decreased. Phase differences between DD 
and LD records most likely were caused by manual 
phase sorting of the DD records to aid recognition of 
rhythmic PER expression (see Methods for details). 
Importantly, no oscillations were evident during this 
first rise in PER. Subsequently, PER began to rise 
again after eclosion and, at this time, also began to 

cycle in DD with a period of 24 h and in LD with a 
period of 23.5 h. The strength of rhythmicity of the 
bioluminescence oscillations was more robust in LD 
compared with DD, as expected. At 16°C, PER expres-
sion in XLG-luc (n = 14 in DD and n = 82 in LD) 
begins to rise from the embryonic stage until the lar-
val stage, without oscillations (Figure 2C, D).

synchronized Behavioral rhythms in adult Flies 
Exposed to light Early in Development

The results from the above experiments indicated 
the existence of a functional clock in the embryo. 
Thus, we attempted to confirm this by testing whether 
light given at such early developmental stages influ-
enced the phase of adult locomotor activity. Groups 
of wild-type flies kept in DD were given light treat-
ment at different times of development. We found 
that the locomotor activity of individual flies raised 
in DD was not synchronized at either 25°C or 16°C. 
The probability that the distribution of individual 
phases within a population is random was calculated 
by Rayleigh’s test. Probabilities for flies reared in DD 
being synchronized were not significant, indicating a 
random distribution (p > 0.05). Flies that received 
light-treatment at the first half of the embryonic stage 
showed desynchrony at both temperatures. In con-
trast, those that had received light treatment at the 
second half of the embryonic stage showed synchro-
nized distributions of phases (Figure 3). Even though 
the group of flies kept in DD was never exposed to 
light during their early development, they showed 
rhythmic locomotor activity as adults, similar to all 
the light-treated groups (Table 1).

DisCussion

In this study, we analyzed the development of 
the circadian clock in Drosophila by utilizing trans-
genic reporters that record the essential clock com-
ponent PER in vivo. These tools allowed us to 
monitor the expression of clock genes in real time 
and to track the measurement throughout the life of 
the flies. Here, we have shown that the expression 
of PER starts in the embryo but does not begin to 
cycle until the adult stage. However, a reporter that 
reflects PER expression only in subsets of central 
clock neurons starts to show rhythmic circadian 
patterns during embryogenesis, coinciding with the 
time when light begins to affect the clock. In addi-
tion, and in agreement with previous studies, clock 
gene oscillations of PER as well as adult locomotor 
activity rhythms (Sehgal et al., 1992) initiate with-
out the requirement of light.
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Figure 2. Bioluminescence time-series data of individual XLG-luc fruit flies measured at 25°C (a, B) and at 16°C (C, D). individual 
bioluminescence CPs is plotted as grey lines and averaged as black lines. the control is the average signal from wells containing only 
luciferin media, without any flies under the same condition, noted as black dashed lines. the y-axis is rescaled to better show the first 
signal increase in the embryo and the pattern of rhythmicity in the adult. Corresponding developmental stages are shown at different 
temperatures. (a) synchronized PEr expression in XLG-luc in DD (n = 68) begins to rise from the embryo until it reaches a peak at the 
pupa. the signal decreases in the pupal stage but rises again and begins cycling with a period of 24.0 h (lomb-scargle, p < 0.05) from the 
adult stage. (B) synchronized PEr expression in XLG-luc in lD (n = 67) shows a similar pattern to that in DD, with oscillations begin-
ning in the adults with a period of 23.5 h (lomb-scargle, p < 0.05). no oscillation is detected in the increasing signal from the embryonic 
and larval stages in DD or lD. PEr expression at 16°C in XLG-luc in (C) DD and (D) lD (n = 14 and n = 82, respectively) begins to rise 
from the embryonic stage until the larval stage without oscillations (lomb-scargle, p > 0.05). Periodogram in lD is calculated as the 
average signal minus the control signal to counteract the pseudo-rhythm caused by the light-induced background (stanewsky, 2007).
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Figure 3. the circular distributions of the locomotor activity phases (acrophases), average actograms and periodograms at (a) 25°C (left 
panel) and (B) 16°C (right panel). one group per panel was under DD throughout the entire experiment (top). the12-h light pulses were 
administrated to other groups at different stages of early development. Each clock face shows a 24-h clock time. Black dots around clock 
faces indicate the timing of acrophase of every single fly in the same group. the mean phase of each population is shown by the angle 
of the radius with 95% confidence intervals. Double-plotted actograms were averaged from flies in each group. (a) the animals kept in 
DD for the entire experiment (n = 28) and given light pulses at 0 to 12 h (embryo, n = 34) show random distributions (p = 0.48 and p = 
0.35, respectively), with arrhythmic average actograms supported by periodograms. animals given light pulses at 12 to 24 h (embryo, n = 
38), and at 24 to 36 h (larva, n = 35) show significantly concentrated distributions (p < 0.001), with rhythmic average actograms supported 
by periodograms (Chi-square, p < 0.05). (B) animals kept in DD for the entire experiment (n = 43) show random distributions (p = 0.08). 
animals given light pulses at 0 to 12 h (embryo, n = 48) and at 12 to 24 h (embryo, n = 45) show random distributions (p = 0.82 and p = 
0.67, respectively), with arrhythmic average actograms supported by periodograms. animals given light pulses at 24 to 36 h (embryo, n 
= 42), 36 to 48 h (embryo, n = 54), or 48 to 72 h (larva, n = 47) all show significantly concentrated distributions (p = 0.003, p = 0.01 and p 
= 0.03, respectively), with rhythmic average actograms supported by periodograms (Chi-square, p < 0.05).
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Slowing down developmental speed by exposing 
embryos to constant 16°C allowed us to show that cir-
cadian PER expression initiates from as early as the 
embryonic stage in DD. PER in 8.0-luc flies is specifi-
cally expressed within subsets of the DN and LNd, but 
not in LNv, nor in peripheral clock tissues in adults, 
which explains the low bioluminescence signal 
detected. It implies that some of the DN and/or LNd 
precursor neurons may possess a functional clock 
already very early during development. It has been 
reported that LNd only differentiates in the pupal 
stage (Helfrich-Förster et al., 2006) when PER starts to 
cycle (Kaneko et  al., 1997; Kaneko et  al., 2000); 
although, CLOCK expression reveals that these cells 
are present in the third instar larvae (Liu et al., 2015). 
In addition to the finding that per is expressed in DN1 
and s-LNv during embryonic stages 16 and 17 (Houl 
et  al., 2008)—which fall within the second half of 
embryogenesis—we infer the signal from 8.0-luc flies 
potentially reflects embryonic PER expression in DN1 
or their precursors. Our finding that a 12-h light pulse 
given at the second half of embryogenesis can syn-
chronize adult behavioral rhythms is consistent with 
the molecular result, supporting the idea that at least 
some functional components of the central oscillator 
are present very early in development; i.e., in precur-
sors of clock neurons.

Aside from the identified central clock neurons dur-
ing early development, peripheral clock development 
has been less emphasized. It has been revealed that a 
significant non-cyclic expression of per mRNA initiates 
in the mid to late developing embryo, which is limited 
to the midline of the nervous system (Houl et al., 2008; 
James et al., 1986; Liu et al., 1988; Ruiz et al., 2010). This 
is consistent with our finding that PER expression 
begins from the embryo stage but does not oscillate in 
either DD or LD at the whole-animal level. However, 
the linearly increasing expression from embryo to 

larva is different from what has been reported previ-
ously, which displays low expression in larval stages 
and its re-emergence at the mid-pupal stage (Liu 
et al., 1988).

In the embryos and larvae, PER began to cycle in 
the 8.0-luc flies, while a non-cyclic increase was 
observed in XLG-luc flies, suggesting that neuronal 
oscillations of clock gene expression initiate before 
those in tissues more peripherally located. Because 
XLG-luc reports PER expression in both central and 
peripheral cells, we cannot exclude that some of the 
signal may come from the central clock neurons. 
However, of the total number of approximately 300 
per-expressing cells in the central nervous system 
during embryogenesis, only 20 are defined as central 
clock neurons (Ruiz et  al., 2010). This suggests that 
the XLG-luc signal mainly indicates the periphery. We 
further infer that PER is expressed within different 
peripheral clocks or their precursors around the body, 
which could be cyclic or non-cyclic, but not synchro-
nized at the whole-animal level before eclosion. 
However, a limitation of our study is that, because 
many larval peripheral tissues are histolyzed during 
metamorphosis, we cannot assume that the oscilla-
tions in PER we see in the embryo are driven by the 
same unchanged tissues in the adult. It is widely 
accepted that direct light-entraining pathways exist 
in peripheral tissues of adult Drosophila. Because of 
the non-synchronized PER expression in LD, our 
results suggest that photo-receptors in peripheral 
clocks are not fully developed before the adult stage. 
Although the photo-transduction opsins have been 
detected in the larval body in Drosophila (Shen et al., 
2011; Zanini et al., 2018), Rh1 rhodopsin gene expres-
sion in the compound eyes (peripheral tissues) begins 
in mid-to-late pupae (Kumar and Ready, 1995). This 
is also supported by a recent finding that although 
expression of Cryptochrome exists in certain larval 

table 1. Free-running periods and rhythmicity among DD and light-treated wild-type flies.

Temperature Groups N Rhythmicity
Tau

Mean (SEM), hours
Amplitude

Mean (SEM)
FFT

(Mean SEM)

25°C DD 38 73.7% 24.3 (0.07) 3563.1 (251.2) 0.05 (0.007)
0-12 h, embryo 39 87.2% 24.2 (0.07) 3449.6 (202.6) 0.06 (0.007)
12-24 h, embryo 40 95.0% 24.2 (0.07) 4322.9 (268.3) 0.07 (0.007)
24-36 h, larva 39 89.7% 24.3 (0.04) 4201.4 (331.6) 0.08 (0.009)

16°C DD 54 79.6% 24.1 (0.08) 2442.8 (99.8) 0.03 (0.005)
0-12 h, embryo 56 85.7% 24.1 (0.09) 2218.1 (73.7) 0.03 (0.004)
12-24 h, embryo 48 93.8% 24.2 (0.08) 2356.9 (88.1) 0.04 (0.004)
24-26 h, embryo 50 84.0% 24.1 (0.1) 2375.6 (101.8) 0.03 (0.004)
36-48 h, embryo 60 90.0% 24.1 (0.07) 2434.4 (77.5) 0.03 (0.002)
48-72 h, larva 52 90.4% 24.1 (0.08) 2390.2 (124.0) 0.03 (0.003)

Flies in different groups were given 12-h light pulses at different timings of development, from 0-12 h to 24-36 h at 25°C, or from 0-12 h to 
48-72 h at 16°C. The 24-h relative fast Fourier transform (FFT) values were used as a measure of circadian rhythm strength and FFT values 
<0.01 were considered arrhythmic (Koh et al., 2006). Rhythms of behavior were determined by periodogram with Chi-square and FFT, and 
the percentage of rhythmic animals per group was calculated. Tau and amplitude were generated by periodogram.
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peripheral tissues but not others, it lacks the function 
to mediate light-entrainment in both the central and 
peripheral clocks in adult Drosophila (Agrawal et al., 
2017). This is different from the vertebrate system, 
where peripheral cells in zebrafish are synchronized 
by light at early embryonic stages, whereas in the 
adult peripheral clocks of both Drosophila and zebraf-
ish, they are directly light-sensitive (Carr et al., 2005).

One of the important features of the circadian 
clock is that it is endogenous. The current develop-
mental study shows that, in certain species, such as 
Drosophila, the circadian clock is able to develop and 
mature without the requirement of entraining stim-
uli, such as light (Sehgal et al., 1992). In our study 
light exposure did not initiate or speed up the devel-
opment of the circadian clock or change the clock-
gene expression level, but it synchronized the phases 
among individual flies. This is consistent with mam-
malian clocks that can start synchronized oscilla-
tions within an individual independently of 
zeitgebers, and independently of a functional mater-
nal circadian clock (Jud and Albrecht, 2006). It also 
shares similarity with clocks in zebrafish, which can 
initiate but not synchronize without light (Dekens 
and Whitmore, 2008).

A single light pulse given during the embryonic 
stage in the current study, or during the larval stage 
in previous studies (Kaneko et al., 2000; Sehgal et al., 
1992), can synchronize adult rhythmic behavior. One 
possible explanation is a “time-memory,” which 
implies the special ability of the clock to memorize 
such stimuli and manifest it later in life when the 
clock becomes more mature (Kaneko et al., 2000). The 
direction and magnitude of phase shifts of locomotor 
activity were different between wild-type and  
fast-clock pershort mutants, suggesting the involve-
ment of per in the regulation of developmental “time-
memory” (Kaneko et al., 2000). However, a reasonable 
assumption is that, at some point during early adult 
stages, synchronization between different clock cells 
is under the control of an as yet undescribed intrinsic 
mechanism. So in our behavioral experiment, rather 
than a time-memory, it is possible that the clock is 
“set” by the initial light and free runs in the central 
clock neurons (as we observe in 8.0-luc in DD) but not 
in most peripheral clock tissues.

An important role of the circadian clock in the 
regulation of development has been reported 
(Kumar et  al., 2006; Kyriacou et  al., 1990; Vallone 
et  al., 2007). In this study, we placed emphasis on 
the development of the circadian clock itself. It is 
assumed that the development of the circadian 
clock should be in accordance with sequential and 
precise developmental processes. Consequently, the 
circadian clock is thought to develop as the whole 
body develops, in a gradual way (Vallone et  al., 

2007). Through the new application of established 
luciferase clock gene reporter techniques, we show 
cyclic clock-gene expression, presumably in precur-
sors of dorsal clock neurons during the embryonic 
stages, which is earlier than previously thought. 
Light is not required to start the clock, but it can, to 
some extent, synchronize the clock as early as in the 
embryo, which is also earlier than previously 
thought. In total, the early cyclic expression of PER 
and light-entrainable behavior in this study sug-
gests that key components of the circadian clock are 
present very early in life. Future studies may put 
emphasis on developmental details in individual 
pacemaker neurons, perhaps by performing simul-
taneous recordings of behavioral rhythms and 
clock-gene expression in the same animal.
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Clock gene expression and 
locomotor activity predict death 
in the last days of life in Drosophila 
melanogaster
Jia Zhao  , Guy Robert Warman & James Frederick Cheeseman 

The importance of the circadian clock for the regulation of behaviour and physiology, and the molecular 
control of these rhythms by a set of clock genes are well defined. The circadian clock deteriorates with 
advancing age but the mechanism underlying is unclear. Here we recorded the expression of two key 
clock genes in young, middle-aged and old Drosophila using transgenic luciferase lines reporting period 
and timeless in vivo. We report a novel marker of imminent death in the expression of TIMELESS. In 
the days immediately preceding death TIMELESS expression increased to at least 150% of previous 
acrophase values (88.0% of n = 217) and lost circadian rhythmicity, which predicted death equally well 
in flies of different ages and under light and temperature cycles. We suggest this transient aberrant 
clock-gene expression is central to the mechanism of the disturbance in circadian behaviour before 
death (82.7% of n = 342). We also find that PERIOD expression in central-clock neurons remained robust 
with age, however PERIOD and TIMELESS in peripheral clocks showed a reduction in both expression 
level and rhythmicity. In conclusion, as flies age the molecular clock gradually declines at the peripheral 
level but continues to function at the central until days before death.

Aging is the intrinsic and inevitable process of functional deterioration which ultimately leads to death1. The cir-
cadian clock is the endogenous pacemaker that generates the daily rhythms among most organisms. Th s clock is 
affected by time, showing progressive disturbance with advancing age2. Th s effect of aging on the circadian clock is 
highly conserved among humans and other animals3. In humans, the changes in circadian output signals associated 
with aging include the reduction of the amplitude and earlier timing of circadian rhythms, both evident in body 
temperature and sleep-wake cycles4–6. Mammalian studies on aging demonstrate shifts in the phase of rhythms 
and weakening of rhythmicity reported in body temperature and locomotor activity patterns2,7. Similar to humans 
and mammals, Drosophila show a lengthened free-running period and decline in the overall rest-activity rhythm 
strength and sleep consolidation with increasing age8,9. In addition, Drosophila provide a robust and powerful way 
to investigate clock changes across life time because of their short lifespan (50–80 days)10.

It is interesting that clock-controlled behavioural changes before death have also been observed. For instance, 
aging flies in their last days of life have been found to exhibit arrhythmia11. And in laboratory mammals, impair-
ment of several parameters of circadian rhythms, such as body temperature and locomotor activity, is considered 
a marker for imminent death12. Several mammalian studies have shown a marked decrease in the amount and 
amplitude of activity as well as a loss of ability to maintain entrainment under light-dark (LD) cycles as the ani-
mals approach death. Some animals lose their circadian rhythm completely13–15. With general acceptance that 
decline of the circadian clock is a reliable manifestation of aging, it is not hard to imagine that collapse of the clock 
could be a potential indicator of death. Nonetheless, there has been very little investigation into the mechanism 
of this phenomenon prior to death.

As well as the decrease in circadian output rhythms16, there is some evidence for age-related changes in circa-
dian organization at other levels. The circadian system is composed of multiple circadian oscillators, controlled 
by a central pacemaker in the suprachiasmatic nucleus (SCN) in mammals17 or a cluster of approximate 150 
clock-gene expressing neurons in the brain in Drosophila (dorsal lateral neurons (LNd), large ventral lateral 
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neurons (l-LNv), lateral posterior neurons (LPN), small ventral lateral neurons (s-LNv), and dorsal neurons 1–3 
(DN1–3)18). There are oscillators in other regions of the brain and peripheral tissues, referred to as peripheral 
clocks19. Currently, whether aging is associated with defects in the central clock, or weakening of the synchroni-
zation of peripheral clocks, or both, remains to be seen.

The molecular oscillators within both the central clock and peripheral clocks are driven by the 
transcription-translation feedback loops of several clock genes, including period and timeless (per and tim) in 
Drosophila20–22. How the mechanism of the molecular clock and its gene properties change during aging is less 
well known and the existing evidence is confli ting10,23. It has been reported that in the central clock neurons per 
is robustly expressed in aging flies11, but this fi ding has been challenged by a study showing per reduction in cen-
tral clock with age9. Studies in aging mammals also showed controversial results with either normal or reduced 
expression of various clock genes2,6,7.

In this study we aim to investigate how the molecular clock, in the brain and in the peripheral tissues, changes 
intrinsically with increasing age and before death under constant conditions. We also examine whether strong 
entrainment cues improve age-related functional decline of the clock. By using transgenic luciferase lines, we are 
able to measure real-time expression of clock genes products PER and TIM in Drosophila in three age cohorts 
(10-, 30- and 50-day-old) for an extended period of time in vivo. We use both 8.0-luc and XLG-luc lines to meas-
ure PER expression. 8.0-luc specifi ally refl cts PER expression in subsets of the central-clock dorsal neuronal 
clusters (DN1–3) and LNd

22,24. XLG-luc refl cts PER expression in all known per-expressing cells throughout the 
body, including central and peripheral tissues22. XLG-luc is mainly indicative of peripheral clocks because of the 
small number of central clock neurons compared to thousands of clock cells in the rest of the body. A similar rule 
applies to tim-luc, which therefore refl cts TIM expression in peripheral clocks.

Results
Age-related changes of PER in central and peripheral clocks and TIM in peripheral clocks. We 
analysed the amplitude and acrophase of bioluminescence signal of each day to show the rhythmicity and level 
of clock-gene expression, respectively. In constant darkness (DD) the rhythmic PER expression at central level 
in 8.0-luc middle-aged and old flies was comparable to that in the young flies with robust oscillations (Fig. 1A), 
showing no decrease in both rhythmicity and expression level. In contrast, both amplitude and acrophase of PER 
at peripheral level in XLG-luc (Fig. 1B) and TIM in tim-luc (Fig. 1C) middle-aged and old flies were signifi antly 
lower than corresponding young ones, showing age-dependent decline in both rhythmicity and expression level. 
Despite that the consumption of luciferin (substrate) led to the decay of signal within each age group, by compar-
ing the signal from different age groups at the same time point, the effect of aging on clock-gene expression was 
still evident.

In order to test the influence of entrainment cues on this age-related effect, flies were kept under regular LD 
cycles with constant temperature and LD coupled with temperature cycles respectively. In LD and LD/tempera-
ture cycles the rhythmic PER expressions at central level in 8.0-luc middle-aged and old flies were comparable to 
that in the young flies with robust oscillations (Figs 2 and 3A). Similar to that shown in DD, both amplitude and 
acrophase of PER expression at peripheral level in XLG-luc (Fig. 2B) and TIM expression at peripheral level in 
tim-luc (Fig. 2C) middle-aged and old flies were significantly lower than corresponding young ones in LD. Both 
amplitude and acrophase of PER expression in XLG-luc (Fig. 3B) and TIM expression in tim-luc (Fig. 3C) old flie  
were signifi antly lower than corresponding middle-aged and young ones in LD/temperature cycles.

Molecular marker of imminent death in both PER and TIM in peripheral clocks. We found an 
unexpected increase of TIM signal in tim-luc flies (Fig. 4) and PER signal in XLG-luc (Fig. 5) at the peripheral 
level which lasted for several days before eventually vanishing and the animals died. The increase of signal was 
defi ed as at least 50% higher than the acrophase of the preceding cycle. Prior to death, 87.8% (n = 82) tim-luc 
flies reared in DD showed an increase in signal over a period of 86.2 ± 2.2 hours, 93.5% (n = 62) in LD cycles 
showed 98.4 ± 3.4 hours, and 83.6% (n = 73) in LD/temperature cycles showed 90.0 ± 3.0 hours. The age of death 
of these flies ranged from 20 to 60 days. Prior to death, 34.2% (n = 79) XLG-luc flies reared in DD showed an 
increase in signal over a period of 84.3 ± 5.2 hours, 54.3% (n = 46) in LD cycles showed 81.4 ± 3.8 hours, and 
56.3% (n = 48) in LD/temperature cycles showed 81.3 ± 4.6 hours. The age of death of these flies ranged from 20 
to 50 days.

In order to confirm that the signal increase occurred before death, we tested how long the bioluminescence 
signal would last after death under the same condition in a number of fl es. Decapitated tim-luc fl es showed a 
11.4 ± 1.6 hour after-death signal (n = 40) and XLG-luc flies showed 7.8 ± 1.0 hours (n = 41). In summary, imme-
diately preceding death most tim-luc flies (88.0%, n = 217) demonstrated an increase in TIM signal that lasted 
for 91.2 ± 1.7 hours on average independent of age or environment. At its height this elevated TIM signal was 3.8 
times as high as the previous acrophase on average (Fig. 6A), and not concentrated at any particular Zeitgeber 
time (ZT) calculated by Rayleigh Test (Fig. 6B). In contrast this increase in TIM was not refl cted in PER as not 
as many flies in XLG-luc (45.7%, n = 173) showed an increase of 82.3 ± 2.6 hours on average before death. At its 
height this elevated PER signal was 2.4 times as high as the previous acrophase on average (Fig. 6C), and concen-
trated with mean phase around ZT18 to ZT20, similar to previous cycles (Fig. 6D).

Downstream behavioural changes of imminent death. Locomotor activity changed in the last 
few days before death, in accordance to the aberrant PER and TIM expression during a similar period of time. 
82.7% of well entrained flies (n = 342) at different ages lost the circadian pattern of behavioural rhythms and 
became arrhythmic over a period of 3.7 ± 0.1 days before death (Fig. 7). Arrhythmic locomotor activity was 
observed in 82.9% in flies which started to be entrained and recorded from 10-day-old (n = 146), 85.1% in flie  
from 30-day-old (n = 148), and 75.0% in flies from 50-day-old (n = 48), showing no significant difference by 
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Chi-square test (p = 0.27). The age of death of these flies ranged from 20 to 70 days. 24-hour relative fast Fourier 
transform (FFT) values was used as a measure of circadian rhythm strength and FFT value <0.01 was considered 
arrhythmic. Flies showed a FFT value of 0.050 ± 0.002 under LD entrainment and 0.039 ± 0.002 under following 
free-running in DD, indicating the existence of circadian rhythms of locomotor activity. FFT value dropped to 
0.007 ± 0.0003 (p < 0.001) in the fi al days preceding death, showing behavioural arrhythmicity.

Discussion
In our investigation of the effect of aging on the endogenous clock we found a reduction in both amplitude 
and acrophase of PER and TIM expression rhythms throughout the body in Drosophila with advancing age (see 
Fig. 1). We suggest this reduction in clock gene production and expression rhythmicity indicates the decline of 
circadian clock function. It has been reported that this reduction in expression as well as rhythmicity is very likely 
to be the main cause for the changes in the circadian pattern of activity in aging flie 25. Th s theory is further 
supported by gene manipulation studies in which over-expression of clock gene in specific clock neurons can 
partially rescue behavioural rhythms and shortened free-running periods in old flie 9,10.

There are two possible reasons for this result in overall reduction of clock-gene expression with age, a weak-
ened signal from the central clock or the disruption of the peripheral oscillators. We found that robust molecular 
oscillations of PER persist in the dorsal neurons (DN1–3 and LNd) of the central clocks. Th s is consistent with a 
previous fi ding of robust PER cycling in s-LNv, DN1 and LNd

11, but different to Umezaki’s 2012 study in which 
the amplitude of PER and TIM expression deteriorated with age in all central-clock cell groups (s-LNv, l-LNv, 
DN1, DN2 and LNd)9. Our fi ding supports the idea that a functional central oscillator is still intact in aged 
Drosophila. We infer that the effect of age is on the peripheral level rather than the central level. We showed 
reduction in PER and TIM expression without the total loss of rhythmicity in peripheral clocks throughout the fly 

Figure 1. Mean bioluminescence time-series data from young (10-day), middle-aged (30-day) and old (50-day) 
flies in DD. Bioluminescence counts per second (CPS) is plotted as average of raw counts at 30-minute intervals. 
Data are shown as mean ± SEM with error bars at each time point. 10-day cohort equals black lines and columns, 
30-day cohort equals mid-grey lines and columns, and 50-day cohort equals light-grey lines and columns. (A)
8.0-luc (reporting PER in the dorsal neurons, central clock). The 30-day cohort shows higher PER amplitude
and acrophase than 10-day and 50-day (p < 0.001 in all), and there is no difference between 10-day and 50-day 
(p = 1.00 in both). (B) XLG-luc (reporting PER in the whole animal, peripheral clocks). The 30-day and 50-day
cohort show lower PER amplitude and acrophase compared to 10-day (p < 0.001 in all), 50-day is lower than 30-
day (p = 0.02 in amplitude and p = 0.001 in acrophase). (C) tim-luc (reporting TIM in the whole animal, peripheral
clocks). The 30-day and 50-day cohort show lower TIM amplitude and acrophase compared to 10-day (p < 0.001 
in all), and 50-day is lower than 30-day in acrophase (p < 0.001) but not in amplitude (p = 0.70).
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bodies, which is consistent with previous fi dings in the fly heads11,23,26. It is clear that peripheral oscillators also 
dampen with age in mammals27, with reduced expression or weakened rhythmicity of several clock genes and/
or their protein products in certain extra-SCN regions7. Th s can be explained by multi-oscillator theory and the 
impair of the coupling mechanism in old age15,17, leading to desynchrony among peripheral clocks.

Here, we report for the fi st time that a transient increase of both PER and TIM expression at the whole 
organism level occurs days before death. Th s signal was most obvious in TIM, and we infer that it can be used 
as a molecular marker of imminent death. The low signal background of 8.0-luc makes it difficult to tell whether 
the aberrant increase of PER signal also existed in the central clock. However it has been reported that the cen-
tral molecular clock in Drosophila remains effici t until the very last day of life11. In mammals, it has also been 
shown that the key function in the central clock is preserved4,15. Therefore the inference is that the effect is on 
the peripheral rather than the central level, which implies the loss of synchrony among peripheral clocks before 
death.

The elevated signals occur in both clock-gene reporters tim-luc and XLG-luc with different effects on inci-
dence, magnitude and phase (Fig. 6). We infer that this signal refl cts the actual increase of clock-gene expres-
sion, rather than the changes in luciferase reaction which should affect both reporters equally. Furthermore, we 
hypothesize that the increase in TIM expression is the leading change, which in turn alters PER expression as a 
downstream effect. Prior to death, the increasing expressions of PER are still in phase with normal 24-hour LD 
cycles yet TIM expressions lose circadian pattern and distribute randomly. It implies that the change of clock 
mechanism before death is starting with the continuous increasing transcription of tim due to the loss of regu-
lation by the transcription-translation feedback loop (Fig. 8). It is very likely that without the stabilization from 
TIM, PER in the cytoplasm cannot enter nucleus to inhibit its own transcription (negative feedback loop) thus 
resulting in an increase in expression. It also explains why some but not all of the fl es (45.7%) show increase 
of PER expression, if TIM is around for PER at the right timing then PER expression is normal, otherwise PER 
expression increases.

Figure 2. Mean bioluminescence time-series data from young (10-day), middle-aged (30-day) and old (50-
day) flies in LD cycles (white bars represent lights on and black bars indicate lights off). Bioluminescence CPS is 
plotted as average of raw counts at 60-minute intervals. Data are shown as mean ± SEM with error bars at each 
time point. 10-day cohort equals black lines and columns, 30-day cohort equals mid-grey lines and columns, 
and 50-day cohort equals light-grey lines and columns. (A) The 8.0-luc 30-day and 50-day cohorts show higher 
PER amplitude than 10-day (p < 0.001 and p = 0.001, respectively). There is no difference between 30-day and 
50-day (p = 1.00). 30-day cohort shows higher PER acrophase than 10-day and 50-day (p < 0.001 and p = 0.02,
respectively), and there is no difference between 10-day and 50-day (p = 1.00). (B) The XLG-luc 30-day and 50-
day cohorts show lower PER amplitude and acrophase compared to 10-day (p < 0.001 in all), 50-day is lower
than 30-day (p < 0.001 in amplitude and p = 0.001 in acrophase). (C) The tim-luc 30-day and 50-day cohorts
show lower TIM amplitude and acrophase compared to 10-day (p < 0.001 in all), 50-day is lower than 30-day in
amplitude (p < 0.001) but not in acrophase (p = 0.11).
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Correspondingly, we hypothesize the aberrant increase of TIM immediately preceding death is central to the 
underlying mechanism of the fi al collapse of the circadian clock system. The loss in circadian behavioural rhyth-
micity (Fig. 7) can be explained by simultaneous increase of clock-gene expression. Such circadian clock changes 
(both gene expression and output behaviour) in the last days of life are not age-dependent because both young 
and aged flies shared similar pattern. The changes of TIM before death is related to its role as a clock gene essential 
in circadian rhythmicity, which is supported by the fi ding that tim null mutants show faster locomotor rhythm 
decline with age and shortened lifespan8,28.

Although the underlying mechanism is not fully revealed, tim must be important in the biology of aging and 
death beyond its roles in circadian rhythmicity. Tim functions in cell cycle progression, DNA replication, DNA 
damage response, and telomere length and integrity maintenance29, making it a multifaceted factor implicated 
in aging and death. Tim has drawn more and more attention in recent studies for its role in cancer30–32, also indi-
cates its versatility. It also raises the possibility that immune response towards infection is one of the underlying 
reasons, given that the role of tim as a regulator of immune response has been recently revealed in Planarian33. A 
novel theory is also rising that through reprogramming of transcriptome in cells, aging turns off genes involved 
in homeostasis and turns on those involved in tissue-specific stresses, such as inflammation and DNA damage34. 
Furthermore, a recent study has reported that about 1% of the gene transcripts signifi antly increase in abun-
dance post-mortem in zebrafish and mice, among which are genes involved in survival and stress compensation 
as well as developmental control and cancer35. Although the technique used limits the possibility to also measure 
the expression of these genes before death, it raises the possibility of a compensatory mechanism at the last stage 
of life. As a consequence, the outburst of tim expression in the days preceding death might refl ct a stress, a com-
pensatory, or an immune response.

We also investigated whether strong entrainment cues can improve the decline of molecular clocks in aging 
Drosophila. We used LD cycles and temperature-coupled LD cycles to try reversing the deterioration of the clock in 

Figure 3. Mean bioluminescence time-series data from young (10-day), middle-aged (30-day) and old (50-
day) flies in LD/temperature cycles (lights on at 25 °C and lights off at 21 °C). Bioluminescence CPS is plotted 
as average of raw counts at 60-minute intervals. Data are shown as mean ± SEM with error bars at each time 
point. 10-day cohort equals black lines and columns, 30-day cohort equals mid-grey lines and columns, and 
50-day cohort equals light-grey lines and columns. (A) The 8.0-luc 50-day cohort shows higher PER amplitude
and acrophase than 10-day and 30-day (p < 0.001 in all). 30-day is higher than 10-day in acrophase (p = 0.03)
but not in amplitude (p = 1.00). (B) The XLG-luc 30-day and 50-day cohorts show lower PER amplitude and
acrophase compared to 10-day (p < 0.001 in all), 50-day is lower than 30-day (p < 0.001 in both). (C) The tim-
luc 50-day cohort shows lower TIM amplitude and acrophase compared to 10-day and 30-day (p < 0.001 in all),
30-day group is lower than 10-day in acrophase (p < 0.001) but not in amplitude (p = 1.00).
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Figure 4. Representative bioluminescence time-series data of tim-luc flies showing aberrant TIM signal at 
the last days of life. X-axis indicates the age of each fly. Bioluminescence CPS is plotted as raw counts (grey 
lines) and as a 6-hour moving average (black lines). (A) A 10-day-old and (B) a 30-day-old fly in DD display a 
rhythmic but descending TIM signal until several days before their deaths at 22 days and 42 days, increases of 
TIM lasted for 87 hours and 78 hours are observed, respectively. (C) A 10-day-old and (D) a 30-day-old fly in 
LD cycles show increases of TIM lasted for 91 hours and 75 hours before their deaths at 27 days and 44 days, 
respectively. (E) A 10-day-old and (F) a 30-day-old fly in LD/temperature cycles show increases of TIM lasted 
for 91 hours and 77 hours before their deaths at 38 days and 48 days, respectively.

Figure 5. Representative bioluminescence time-series data of XLG-luc flies showing aberrant PER signal at 
the last days of life. X-axis indicates the age of each fly. Bioluminescence CPS is plotted as raw counts (grey 
lines) and as a 6-hour moving average (black lines). (A) A 10-day-old and (B) a 30-day-old fly in DD display 
a rhythmic but descending PER signal until several days before their deaths at 21 days and 42 days, increases 
of PER lasted for 67 hours and 74 hours are observed, respectively. (C) A 10-day-old and (D) a 30-day-old fly 
in LD cycles show increases of PER lasted for 64 hours and 98 hours before their deaths at 28 days and 41 days, 
respectively. (E) A 10-day-old and (F) a 30-day-old fly in LD/temperature cycles show increases of PER lasted 
for 56 hours and 106 hours before their deaths at 31 days and 48 days, respectively.
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peripheral oscillators. The impairment of the input pathway may be a possible explanation and is consistent with the 
finding that in these older flies the clock cannot be effectively entrained by light or temperature. A previous study 
has reported that LD cycles alone is not sufficient to rescue disturbance of locomotor activity in aging flies, but the 
use of LD (12:12) coupling temperature cycles (25 °C/21 °C) turned out to be effective11. Our fi ding suggests a 
clock-independent temperature effect may be involved. Lower temperatures (such as 21 °C) prolong longevity in 
Drosophila and slow down the age-associated sleep decline, likely through non-circadian mechanisms8,36.

Circadian coordination has a pronounced impact on physiological functions, overall health, and disease sus-
ceptibility37, it is reasonable to infer how lifespan and health would suffer when the circadian system is challenged. 
Therefore robust and entrained circadian rhythms could potentially lead to better health and increased longevity7. 
However aiming at entraining the central clock alone is not effici t enough as we fi d that the peripheral clocks 
are more seriously affected by aging. A number of studies have shown that regular routines of mealtime and exer-
cise improve circadian consolidation in elderly individuals, addition with light routines, these timing cues might 
help substitute for the loss of internal desynchrony5. We also report a remarkable disruption of the circadian clock 
during the last days of life at both the molecular (Fig. 6) and behavioural levels (Fig. 7 and diagrammatic illustra-
tion Fig. 8). Our fi ding indicates not only the underlying cause of the circadian clock disruption before death, 
but also the exciting potential of tim to be a marker of imminent death, a link for further mechanism exploration 
and even a basis for intervention.

Methods
Fly stock. Drosophila transgenic reporter lines 8.0-luc, XLG-luc and tim-luc, and wild type fl es were reared on 
growth-media (Carolina, USA) loaded in standard plastic vials. Flies were kept at 12:12 LD cycles and at temper-
ature 25 °C, and transferred to fresh vials once a week. Flies were collected within 2 days of eclosion and survival 
of mated male flies in vials were monitored until their death, showing average longevity of 50–70 days. Young 
(10-day-old), middle-aged (30-day-old) and old (50-day-old) mated male flies were used. All flies of different ages 
were kept under identical circumstances.

Measurement of clock-gene expression. Transgenic flies for real-time bioluminescence recording 
of clock gene per and tim expression were used in this study, as described previously38. Individual flies were 
transferred into a single well of a white opaque 96-well microplates (Greiner Bio-one). Plates were loaded into 

Figure 6. Mean bioluminescence time-series data from the last ten days of life in flies showing elevated signals 
before death in LD and LD/temperature cycles. X-axis indicates the days before death. Black solid line is the 
average signal from the last five-days of life, and grey solid line is from the last six to ten days of life with an 
exponential trendline shown as grey dash line. (A) tim-luc flies (n = 119) show circadian rhythms of TIM 
expression from day 10 to day 6 before death with a descending trend. The aberrant signal from the last five days 
(average height value shown in black column) breaks the circadian pattern and shows a remarkable increase 
(p < 0.001, compared to the average acrophase from the preceding cycle shown in grey column). (C) XLG-luc flie  
(n = 52) show circadian rhythms of PER expression from day 10 to day 6 before death with a descending trend. The 
aberrant signal from the last five days follows the circadian pattern and shows a remarkable increase (p < 0.001). 
The circular distributions of the elevated signals before death in a 24-hour clock face. Black solid dots around clock 
face indicate individual flies in LD cycles and hollow dots in LD/temperature cycles. ZT (where ZT0 is lights on 
and ZT12 is lights off) is labelled. (B) tim-luc flies show random distribution in LD (n = 58, p = 0.37) and in LD/
temperature (n = 61, p = 0.44). (D) XLG-luc flies show signifi ant concentrated distribution with mean phase 
pointing at ZT18 in LD (n = 25, p < 0.001) and at ZT20 in LD/temperature (n = 27, p = 0.007).
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a Multimode Plate Reader (EnSpire, PerkinElmer) kept inside an incubator (Percival Scientific Inc, USA). 
Experiments were conducted in DD, LD cycles (12:12) at constant temperature (25 °C), and LD cycles (12:12) 
coupled with temperature cycles (light on at 25 °C and light off at 21 °C).

Figure 7. Locomotor activity of representative wild type flies showing arrhythmic behaviour before death. 
Actogram during a period of LD 12:12 followed by a free running rhythms in DD (the white area marks the 
light phase, the grey shaded area marks the dark phases). Left y-axis indicates the age of each fly and right y-axis 
indicates the days before death. Dagger is used as label of death. Well-entrained flies of different ages (A) died at 
66-day-old, showing a 2-day arrhythmic activity with a FFT value of 0.0001 before death (0.049 in LD and 0.011
in DD), (B) died at 56-day-old, showing a 4-day arrhythmic activity with a FFT value of 0.008 before death
(0.021 in LD and 0.017 in DD), and (C) died at 31-day-old, showing a 3-day arrhythmic activity with a FFT
value of 0.0006 before death (0.046 in LD and 0.099 in DD).
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Monitoring of locomotor activity. Locomotor activity of wild type flies was monitored automatically 
using Trikinetics Drosophila Activity Monitors (Waltham, MA, USA), as previously described39. Individual 
flies with known age (10-day-old, 30-day-old and 50-day-old) were transferred into glass tubes (8 cm long and 
5 mm diameter) with grow media at one end, sealed with plastic plugs, and plugged with cotton at the other end. 
Locomotor activity, temperature and relative humidity were recorded every five minutes for an entraining period 
of 13 days in LD and then in DD until most flies died.

Statistical analysis. Data are shown in mean and standard error (Mean ± SEM). Statistical signifi ance 
of the amplitude and acrophase of time series data among young, middle-aged and old transgenic flies were 
determined using two-way ANOVA with Bonferonni’s post hoc test23. ClockLab (Actimetrics, USA) was used 
for the analysis of periodicity and rhythmicity in locomotor activity of wild type flies. Periodicity was tested by 
Chi-square periodogram and rhythm strength was measured by FFT values8.
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