
From	a	network	of	10,000	20,000	neurons	
to	a	smartphone	app	with	125,000	160,000	users	

linking	scales	in	biological	rhythms	

Daniel	Forger	
University	of	Michigan,	Ann	Arbor	
Many	thanks	to	Charles	Peskin	







From	google	image:	universe-review.ca/F10-mul7cell.htm		



New	tools	from	modeling	

+																	MulGscale	
	 	 	 	 	Model	

Electrophysiology	

Molecular	Biology	

Human	Behavior	



Many	scale	of	circadian	research	

Entrain	app	

Human	Behavior	 Society	



Build	a	detailed	computaGonal	model	
of	circadian	Gmekeeping	

•  Biochemical	model	(~1000	chemical	reacGons)	
–  Kim	and	Forger	Molecular	Systems	Biology	2012	
– Min	et	al.	Molecular	Cell	2015	

•  Electrophysiological	model	(H-H	type)	
–  Belle	et	al.	Science	2009	
–  Diekman	et	al.	PLoS	Comp	Bio	2013		

•  1024	(or	more)	connected	neurons	
–  VIP	(easy)		GABA	(hard)	

•  mSec	Gmescale	to	weeks		
	 	 	 	 	(Billions	of	electrical	signals)	

	
	 	 						DeWoskin	et	al.	PNAS	2015		
	 	 						Myung	et	al.	PNAS	2015	
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mRNA and Proteins TIME COURSES (Ueda et al (2005) & Reppert et al (2002)) 

mRNA	and	Protein	Timecourses	
Abundance	of	Proteins	

Forger	&	Peskin	PNAS	(2003)	
Kim	&	Forger,	Mol	Syst	Biol	(2012)	
Zhou	et	al.	Molecular	Cell	(2015)	



Phosphoswitch	
With	Jae	Kim	and	Virshup	lab		
Zhou	et	al.	Molecular	Cell	2015	



Key	new	challenges	

•  How	to	integrate	data	from	protein	structure	
in	biochemical	models?	

•  How	to	rapidly	simulate	large	numbers	of	
biochemical	oscillators?	



Two	modes	of	acGvity	of	SCN	neurons	
Diekman	et	al.	PLoS	Comp.	Biology	2013	



Mino	Belle	
Belle,	Diekman,	Forger,	
Piggins,	Science,	2009	



Fit	data	collected	about	GABA	

VIP KO, experimentally estimated Cl

DeWoskin	et	al.	PNAS	2015	



Electrophysiology	



Two	GABA	signals	
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Tonic	GABA	controls	phase	distribuGon	

Five hour 10 Hz GABA stimulus!

Circadian time (hours)!

Five hour tonic GABA stimulus!
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Tonic	GABA	coupling	in	the	SCN	

•  See	Myung	et	al.	PNAS	2015	for	large	scale	
simulaGons	and	analysis	of	bioluminescent	data	

•  Explained	by	SCN	adereffects	and	Og-Antonsen	
theory	



Key	challenges 		

•  What	are	all	the	acGon	potenGals	doing?	
– Subconscious	vision	(SGnchcombe	and	collaborators)	

•  How	can	we	quickly	simulate	this	system?	
– GPU	compuGng	
– Library	method	developed	by	Cai	and	colleagues	
– ExponenGal	Integrators	
– PopulaGon	density	methods	solved	by	parGcle	
methods	



Human	Circadian	System	
(Forger,	Klerman,	Kronauer,	Jeweg	...)	
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Human	Phase	Shiding	to	Light	
•  Jeweg	et	al.	AJP	1997 	 	 	 	 	 	 	Forger	et	al.		JBR	1999	



EvaluaGon	of	Schedules	



FormulaGng	the	problem	
in	terms	of	opGmal	control	

•  StarGng	at	a	specified	state	X(0)	=	a,	and	dynamical	
system	dX/dt	=	f(X,	u)	choose	a	control,	u(t),	such	
that	for	minimum	tf					X(tf)	=	Xe(tf)		

•  Too	difficult	and	not	applicable	
•  Instead	have	a	constraint	that	we	are	on	the	correct	
isochron	ψ(X(tf),	tf)	=	0	(i.e.	have	correct	phase)	

•  Have	a	cost	funcGon	ϕ = tf		+	b|A(X(tf))	–A(Xe(tf)|		



	
OpGmal	Schedules		

(with	much	mathemaGcs)	
Serkh	and	Forger	PLoS	Comp	Bio	2014	





How	to	test	this?	Travelers…	

• We	provide	an	app	for	free	which	simulates	the	
latest	mathemaGcal	models	on	the	iPhone	and	gives	you	
our	best	guess	at	an	opGmal	schedule.	

This	is	only	available	in	very	specialized	applicaGons	
	

• You	provide	data	on	your	lighGng	history,	sleep-wake	
pagern	and	rate	symptoms	of	jetlag,	and	demographics	

	
	This	could	give	us	the	real-world	data	we	need	



ENTRAIN	
(Olivia	Walch	and	Amy	Cochran)	
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Global	Assessment	of	Sleep	
•  Walch	et	al.	Science	Advances	2016	
•  Much	media	agenGon	
•  “Oh,	Good	Morning,	Sleep	Science,	Welcome	to	the	21st	
Century.”	Wired	



Basic	Demographics	
•  Top	three	countries	contribuGng	data:	the	United	States	
(45%),	Australia	(9%),	and	Canada	(5%).		

•  Top	six	European	countries	(UK,	France,	Spain,	
Netherlands,	Denmark,	and	Germany)	contribute	15%	

•  Everyone	else	25%	(no	individual	country	more	than	2%)	



Basic	Demographics	
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Basic	Demographics	
	



Age	and	Sleep:		
(Also	works	for	coefficient	of	variaGon)	

Less	variability	for	outdoor	populaGon	



Age	Sleep	and	Gender	
	
	



Age	and	Sleep	
	
	



Notes	from	StaGsGcal	Analysis	

•  Age	is	most	dominant	influence	on	sleep	
Gming	

•  Gender	has	the	strongest	influence	on	sleep	
duraGon.		

•  The	shorter	sleep	duraGons	during	middle	age	
can	be	agributed	primarily	to	men	and	the	
group	of	populaGon	reporGng	indoor	light.	



Sunrise,	Sunset	and	Sleep	



Sunrise,	Sunset	and	
Sleep	

Sunrise	before	5:30	or	ader	7:30	



Notes	from	staGsGcal	analysis	

•  Later	sunsets	are	correlated	with	more	sleep,	mainly	
through	wake	
– More	Sleep	in	summer	

	

•  Women,	older,	and	outdoor	individuals	are	more	
sensiGve	to	changes	in	sunrise	and	sunset	than	men,	as	
indicated	by	higher	regression	coefficients.		

•  Sunset	affects	wake	more	than	bed	
–  Supported	by	addiGonal	simulaGons	



Societal	Effects	Through	BedGme	



Conclusion	

Sleep	



Key	challenges	
•  How	to	incorporate	self	reported	data	in	
models?	

•  How	to	include	societal	effects?	
•  How	to	analyze	data	from	smartphones?	
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Thanks	

•  BiomathemaGcs	program	at	Army	
•  Human	FronGer	Science	Program	
•  AFOSR	


