Statement of Research Interests Daniel Forger

Overview:| usetheory,mathematics, modelirajpd simulations to understand problems in
biology and medicinkestudybiological problems deeply to weoun&pected resultand

see how they camspire new mathematical and computational tools. | aim for foundational
collaborative papeesach of which could be split into several standard paileideep

theory and new daitahighimpactinterdisciplinary journalsly publications include papers

in Scien€®),Proceedings of the National Academy NMASR)iEAcHdRire Communications
Science AdvafiggSell Repofis,PLoS Biolo), Molecular Systems Ribldgglecular Cell

(1) andlranslatnal Psychidtr)).

Interdisciplinary training: My formal training at Harvard and NW&sin mathemats

but I acquiregarallel training in the biological sciencg$\D, for instanceyas partially
funded by aNIH training grant. | also spemto years ian experimentaholecular
biologypostdocat NYU, andportionsof eightsummers at the Marine Biological
Laboratory at Woods Hol&s a result of feinterdisciplinary training and resedrobw

hold appointments the University of MidgganOs mathematics Department, medical
schoo]and many centers throughout cammgareover, st of the students in my classes
are engineers

My lab: My undergraduates, graduate studantspostocsare trained witbtrong
theoretical interestis work with real experimental dadften theyacquire such data
themselvethough partner labsr they collect ivith our mobile technologgurrently
installed in nearly 200,000 phoHkkesvever, to maximize the impacoaf work, most
experimental datiomes from other labs. i§ltollaborative focus aribesause one lab
cannot build synthetic circuits in bacteg@ord from neurons in the Monarch brsiagy
the molecular biology of timekeepmgcately, and simultaneouslyord sleefs a reslt,

| have established collaborations with a wide variety of different labs. This innovative
approach has led to several publications in leading academic journals and has launched the
careers of themajority ofmy graduate students and postsinto topacademic positions
Several haveven gone on to win majatizes such as beirtge inaugural winner of the
Peter Smereldemaial Prize or the SumndiyersPrize).

Research areadvlost of my work has historically been anftéld ofbiological rhythms

(project 1). In recent yean®weverthis has growimto understanding the physiologyof

human behavior a key part afieuroscienceusinglarge-scale computational modelgo

bridge experimental data at many levelsnabile technologyto accurately $¢

hypotheses from these models in the real world. Key biological problems are mammalian
(human) circadian (daily) timekeeping and sleep (projects 2renudi 4)isorders (project

3) and subconscious vision (project 5)

Future goals:Models and apps that improve global health including:

1) A detailed personalized model of the mammalian circadian clock that can be linked to our
Entrain app measuring sleep and circadian rhythms

2) A physiological model proposing the etiology of Bipslarder linked to an app

tracking and predicting mood in individuals with Bipolar Disorder

3) A detailed model of vision for individuals who have limited or no rod or cone function
linked to apps that can process visual scenes to improve vision.
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Researt Topic 1: Biological Rhythms
Project 1: Th&heory ofBiologicallimekeeping

(Websiteunder constructioat mitpress.mit.edu)

OverviewMy work studies biological rhythms using techniques from many disciplines

including mathematics, physics, systems biology, statistics, nonlinear dynamics, biomedical

engineeringgharmacokinetiaontrol theoryandchemical dynamics. | hdael out this
innovative approach, showing others how to employ similar tools and techniques to study
these problems in a book now in press at MIT Pnetbgs book | show how to:

"# Develop models of biological clocks that accurately reflect physiology
$# Discovehow gees, protein®r cells interact to time eveaturately
%#Determinehow biological clocks respondheirenvironmental

&# Derivethe optimal signals to shift biological clocks

Examples of novel mathematical regutisde

1)

2)

Several new intuitive proofs of results in the theory of biological clocks. For
example, | prove the result by Mirollo and Str@lyatallo and Strogatz, 198t
pulse coupled odailors synchronize with probability 1 with a new definition of the
speed of an oscillatddoreover] show how the PoincaBendixson theorem
whichholds for monotonic models of biological clocks of arbitrary dimension
(MalletParet and Smith, 1996an be seen through iterative mipave also

worked on a global version of the Secant Condition, which determines when
oscillations appear in biechical feedback loggzublishing the findings RNAS
(Forger, 2011)

The «istence and uniqueness of equations of biochemical oscillators given their
solutionsFor aset of equation%% = flr()rr wi for instancef we are given
s(t) and x(t) over a time interval, eecéssuraf and garecontinuous, how do we
knowif they could come from an equation as above? If they can, do they uniquely
determine f and g®either of these statements is true in gehelahonstrate, in
particular, howhis is an extension of the principléehtifibilityfor themodeing

of biological clocks. | also defimew Ocompletely determinable dyn#nic

systems where a brief measurement of the dynamics start at an indzal state
determine dynamigsoballyl have publishedhe details of #se findings the

SIAM journal on Amgal Mathemaiiith Jae Kyoung KirgKim and Forger, 2012b)

General Results:

1)

Robust Rhythm GenerationBiochemical Feedback Looipsa paper published in
Molecul&ystems Biolaitly my student Jae Kyoung Kiim and Forger, 2012a)

we establisanew structure for robust rhythm generation in biochemical feedback
loops. A common design principle for generating rhythms in biological systems is to
have a fast positive feedback loop combined with a slower negative feedback loop.
Here, howevewe showhat a double negative feedback loop structure can also give
robust rhythms and additionally can generate rhythms with a tightly controlled
period. At the heart of this mechanism is a transcription regulation mechanism
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where an activator of a gene is astgued by a repressor, a motif found in most
circadian clockQur papeihas two stars on F1000.

2) Temperature Compensatitma paper published Molecular G@lhou et al.2015)
| demonstrate a new understandinigost biological clocks aeamperature
compenated Some biological clocks are Otemperature compensatedO in that as the
temperaturef thesystemncreases, arldus, presumablgllithereaction ratesf
thesystenincrease, the period remains unchanged. Ruoff conjectured that all
models of biochemical oscillators can be temperature compenkateevér,
provide several counterexamples to this claamy bookMoreover,n further joint
experimental/modeling work with the Virshup lab at Duke Nkd also
explorel how the mammalian circadian clock is temperature compédbatedt
al., 2015)n this piece, edemonstrate hoane of the key proteins in the
mammalian circadian clock, PERIOD2, acts as a phosphegvatehcompeting
phosphorylation events cause PERIOD2 to become more stable at higher
temperaturegherebyroviding temperature compensation.

3) Computational Neuroscienbéany neuronal systems show bursts of neuronal firing
interspersed with quiescenageveloped a mathematical theory for this
phenomenon, togetheitivKatarina Bodova (IST) and David Paydarfar (UT
Austin) which predicts the statistics of these b(Bstdova et al., 201%)/ith
Paydarfar and John Clay (NIH), | have also determined the optimal signals to cause a
neuron to firgForger et al., 201Bnd updated the Hodgkiuxley equations taxf
their erroneous prediction of repetitive fi(@ay etla 2008)

4) Synthetic Biologyn a collaboration funded by an NIH RO1 with Alex Ninfa
(Michigan)we built synthetic switches and clocks in batttatiare particularly
robust to environmental changes based on a double negative feedback loop design
(Chang et al., 2010)

Future work

1) Optimal contrall am currently seeking to determine/meuronal firing can be
optimally controlledThat iswe are attempting to undemdhow to induce or stop
firing of aneuronal networith an electrical sigrint carrieghe least amount of
current

2) Neurosciencé am currently exploring and have already published with Eli
ShlizermaifUniversity of Washington) our preliminary findings on hdenarch
butterflyQsrain processinformationaboutthe sunOs positjam conjunction with
its internal circadian clgé¢& navigate thousands of m{{8klizerman et al., 2016)

3) Physicsl am conducting ongoing research, with current graduate student Kevin
Hannay and Victoria Booth, tie validity of the OtAntonsen Anzatavhich gives
a simple picture of the behavior of coupled oscillators.

Funding Thisresearclhas been funded bye Sloan Foundatiothe Nationall nstitutes of
Healh andthe Air Force Office of Scientific Resea®®RQSR.

Sample press coverage
1) http://www.livescience.com/88hderstandinrgumanbody-clockreworked.html
2)bbc.connews/sciencesnvironmenB86046746
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ResearchT opic 2 Large Scale Computational Models ofthe Brain

Project 2: AMathematicdllodel of theMammaliarCircadianTimekeepinystem
(Websitewww.clockmodel.cgmnder constructign

OverviewMy PhD workwith Charles Peskiteveloped mass actiomathematical model

of the biochemistry of circadian timekeepitign mammalian cellBorger and Peskin,

2003; Forger and Peskin, 2004; Forger and Peskin,@bkue to improve upon this
modelas more data becomes availdealate, icurently accounts for approximately

1,000 chemical reactidgifsm and Forger, 2012#&) particular, | show howcare

pacemaker of about 10,000 neurons within the suprachiasmatic nuclei of the hypothalamus
controls daily behavior in mamn{&leWoskin et al., 2014; DeWoskin et al., 2015; Myung
et al., 2019)have also developed a HodgHimxley type mathematical model for the
electrical activity of these neur(®slle et al., 2009; Diekman and Forger, 2009; Diekman et
al., 2013)These models have been tested sig@ta from over 20 laboratoriesany of

which | have collaborated walosely

To fully describe circadian timekeeping, we created a model which links the toyoochemis
circadian timekeepimgth the electrical activity of these cells in each of the 10,000 neurons.
Thismodel, described in detail in two btmckack PNAS papers published in 20thks

events on very different timescales (millisecotiays)DeWoskin et al., 2015; Myung et

al., 2015)

Novel computational/mathematical methdde reatheoreticathallenge in this project is
one ofnumerical analysis,that it requires the efficiesinuléion of such a largscale
model.Several advances have made these simulations. pagsié¢ance,dreis a
highlightof a population densitparoachthatl haveworked orwith one of mypostdocs,
Adam Stinchcombe:

Consider a model for the noisy dynamics of a biological oscillator withifi a=cell:
v(!,t)dt + adW. We then considét coupled cells and wish to simulate their collective

dyramics. In our modebs,can have hundreds of variables,NMrdn easily be >1,000. The
computation time for such models can be prohibitively large, particularly when the
communication between cells is dense. We seek numerical methods to efficigatly simula
these models.

To do this, wemploy a methodology that initially seems counterintuitive, burt that,
end,providesan efficient numerical methasl described {Stinchcombe and Forger,

2016)We take a population density apprdgewapping the problem of thousands of
oscillators for a partial differential equafpoie) for hundreds of variablehile recognizing

that pdes of more than a few variables can be difficult to solve. Our reason for doing this is
because of a propethatl have discovered about lasgale models of biological clocks,
namelthat theirdynamicgan oftercontractdown to a effectivelyow, oftentwo-

dimensional manifglduite quicklyForger and Kronauer, 20083 a result, to

goproximae the probability density by a particle metheds that, although a very large
dimensional space is explored, the parntehegiickly converge to a low dimensional
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system that can be efficiently explored with a low (< 50) number of pBdintpsiore
precise, our population density equation is given by:

Z—i! V-(g!!)! !-(!_!!)! !.(_!:!!)! |

whereC is the coupling function, for examﬁR]g c(Ly™p (X' t) dy. We approximate

from particles whete(1,1) ! 12 p;(£)6, (g — X, (t)) where each dhe N particles
has a position; (t) and strengtip;(t). The particles evolve according to

dx DVp

-t +C®-=-.
While this is a good idea, the key mathematics of this method remain to be determined,
particularly, how to optimally reposition particles to give the most accurate yet fast estimates
of C(t) andDVp for the smallest number of particles.

General Results

1) Neurosciencén a paper published 8tiendadeveloped aovel mechanism of
signalingn the brairthrough depolarization blo(Relle et al., 2009)

2) Systems Biology/Neuroscience/Physita mpernpublished ilPLoS Biolqdy
along with collaboratons the Takahashi, Kay and Welsh sabsed howthat the
mammalian circadian clock can generate rhythms from noise and codpled non
oscillating cell@o et al., 2010Y his work received two stars on F1000.

3) Genetics/Sleepn a collaboration ith David Virshup (Duk&lUS)) we discovered
the basis of an animal model ofifear advanced sleep disorder was the opposite of
what was originally thoudi@allego et al., 2008his work also received two starts
on F1000.

4) NeurosciencéVeare discoveringow GABA signaling can multiplex and
simultaneously code for different sysPeid/oskin et al., 2015; Myung et al., 2015)

Future workWe aim to use our new numerical methodsvelop a next generation model
of the SCN.

Funding This research has been fundeX®§¥DE,the Human Frontier Science
Organizationandthe AFOSR | am also in the process of applying for further funding
through theNational Science Foundatiamd plano submit the grant application by
11/15/2016

Sample press coverage
1) http://www.forbes.com/2009/10/14/circadiamythmmathtechnologypreakthroughs
brain.html
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Project 3: AMathematicdlodel ofSubconsciou¥ision

Overview Vision was thouglw be mediated by rod and cones in the retina. However, in

the early 20000s, a new type of photoreceptive cell in the retina, intrinsically photosensitive
retinal ganglion cells (ipRGCs) was discovered. These cells control subconscious visual tasks
includng adjusting the circadian clock to the right time of day, controllingoonoaldsize

and othepotentiaktaskssuch adalance and gaze control. In collaborative work with

Kwoon Wong(University of Michigahynded by the Army Research Office, we have

derived the first mathematical models of subconscious(V&tah et al., 2015)

Novel computational/mathematical methddsr goal was to develop a mathematical

model for subconscious vision. This model simulated ipRGCs as well as their inputs from
other parts of theetina. It involved simulating ~1,000,000 cells. Adam Stinchcombe and |
received a grant with David Cai (Courant/SJTU) and Douglas Zhou to dewlop fast
numerical methods for simulating gfhenomenomnd other neuronal networks. We are
currentlyworking on exponential integrators and library methods to speed up our
simulationsThese fast simulations are needed for thedeatgesimulations we do to fit the
model and test it against different visual scenes.

General results:

Vision/NeurosciencéVe have developed a mathematical model of subconscious vision that
shows that this system contains much more information than previously ithdudimtg

the processing of spatial informatioithwwhe Lucas laboratory at the University of
Manchestewehave beeable to show that tiguprachismatic Nucl&CN not only

retains spatiotemporal information about the visual scene, but also enhances it. This is
contrary to théong established view of the SCiN@sionbeingsolely a timekeeper

sensinglte average light levels over the visual Sd@savork submitted several weeks ago

as two manuscripts to Neursaggests a new role foisimportant regiof the brain

Future workWe are currently exploring the limits and acuity of subconscious vision with

the Wong and Lucas laboratories. ipRGCs are considered one of the most important
potential cures for blindness. If ipRGCs were to be able to affect conscious vision, we could
alsothen use our mathematical models to preprocess visual scenes and build & device tha
would enhance vision in the blind.

Funding This research has been fundethbyBiomathematics program at the Army

Research Offic@RO), and the Shanghai Jiao TongAdmsity of Michiga(SJTU/UM)
Joint Institute funding for Data Sciences.
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ResearchT opic 3: Understanding HumanBehavior Through
Smartphones,Wearables and Big Data

Project 4: Entrain, @martphoneéApp CollectingRealWorld Data onCircadiarRhythms
(Websitewww.entrain.olg

OverviewMy mathematical model of the human circadian pacemaker is used thiely
academyndustryand the military to determine how light affects the human circadian clock.
It is used to determine scheduleshiit workerand travelers to avoid-Jag and circadian
misalignmenfA smartphone app, ENTRAINevelopedavith my graduate student Olivia
Walchsimulates this model and gives users optimal schedules to shift their circadian clock.
This research appent viral and now has almost 200,000 installs.

Novel @mputational/mathematical methodéth former student Kirill Serkh (Yale) we
calculatethe optimal schedules to shift humans from any timezone to anyitbthi@s
model. This problenvas originally considered intractable because of the stiffness of the
equations. We began by showing the problem wabdangnd revising an algorithm
originally proposed for robotic contfol this problen{Meier andryson, 1990; Serkh and
Forger, 2014Dur paper on this topltas beehighly reagwithover 40,000 viewd/e also
focused on rapid simtian of our model on smartphones with limited comutati

General result€ollecting data from Entrain users in over 100 countries, wermave
of the worldOs largest sleep sthdied out of mathematics departmeBpme of our
recently publigkd result$Walch et al., 201@clude:

1) That women globally schedule about 30 more minutes of sleep tipem megint

2) Thatindividuas sleep more uniformly dseyage.

3) That societyOs influence on sleep is greatest near bedtime.

Future work
1) Optimal ContralSchedules were premputed in the original versiminEntrain.
While the full optimal control problem is too difficult to solvesmartphone, we
are developing new numerical methods to interpolate between the optimal schedules
derivedon smartphonem orderto give more customizable schedules.

2) Data ScienceBntrain3.0links with wearable data, so we now are now developing
techniques to estimate circadian phase from steps and heart rate.

3) Big Data/Genomicdn partnership with the Helalintern Studytthe University of
Michigan(http://www.srijansenlab.com/interphealthstudy, a study of the mood,
sleep, circadian behavior and gergtit®ousands of medical residewe are
using our detailed models of circadian timekeagieR®y¢ject 2abov@ to predict
differences in circadian behawabindividualdased on genetics. From thasic
researchve hope tde able taise our mobile technology to st predictons.

Funding This works has been funded through ARRQ), and AFOSR. | have recently
submittedwo grantdo the NSF/NIH QUBBD calland MIDAS

Sample press coverage
https://www.wired.com/2016/05/welcomaventy-first-centurysleepscience/
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Project 5A New,Personalize®iagnosis for Bipolar Disorder
(websitewww.prechterfund.orgiww.moodmath.comnder construction)

OverviewBipolar disorder (BD) affectb% of the population and is characterized by
episodes of mania (elevated mood) and depression interspersed with periods of euthymia
(normal mood). Several hypothesizes about the basis of BD have been proposed including
thatit represents chaos of a neuronaésystwth Amy Cochran, | havested these
hypothesewith data from the Prechter BP study, one of the largest longitudinal studies of
BP, headed by our collaborator Melvin Mclfunsversity of Michigan)Ve have ais

developed a mathematical framework for person&i2ing

Novel Mathematical/Computational Methotisour first studycurrently submitted to
Biological Psychiatnyge fittime-coursedata from almost 200 Bipogatients with a
Bayesian neparametric hierarchical model with latent classes. Frowettesermind

how many classes Bipolar subjects sHmiltassified into. We also developed a
personalized model for Bipolar testing various mathematical frasreavebfund a best fit
with aCoxIngersoHlRosgCIR)model(Cox et al., 1985)

dD, =1\ (by — D, )dt + J2ap 1, I (!J! | p2I1 1,1 14! t)

wherel, andW, are independent Wiener procesHas . seveparameters are assumed to
be positive witlh, > ! ,landb,, > o), to ensure affect is strictly positive.

General Results:

1) Classificationfesting for different classes in Bipolar Disorder based on longitudinal
mood, we dundthat Bipolar 1 subjecteudd be best classified into three groups.
These groups have strong clinical significance in that the groupings are predictive
when we tested their clinical phenotype. For example, one group has a much higher
rae ofsuicide attempt®Ve recentlpublishedhis work inin Translational Psychiatry
(Cochran et al., 2016)

2) Personlizing predictionBesting for basic hypotheses on Bidolaorder based on
data from the Prechter study,ve&e not foun@ny evidence for Bipolar Disorder
being fundamentally rhythnmooie dimensionabr multistablel-rom this, we
deveiled anffective instability (CIRhodel, in which we hypothesizat Bipolar
Disorderis not generated by a clock, or a systems with stable manic or depressive
statesWe are currently in the process of submittingffective instabiliCIR)
model to the journ&iological Psychiatry

Future work
1) In a collaboration with the Gamble gr@upiversity of Alabama at Birmingham
Medical Schopin press alature Communicaticesiow how GSK3a key target
of Lithium regulates neuronal firi(lgaul JR et al., 2018jehavealso published
two papers ifProceedings of the National Academy NiASyi@mreng how GABA
regulation affects seasonal affective disorder andDedskin et al., 2015;
Myung et al., 201Based on this initial research,ase novat a point where we
can begin tbuild detailed computational models to test these hypotheses
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specifically focusing our attentiontlo® physiological basis of Bipolar Disorder.

Finding the physiological basis of Bipolar Disorder is considered the leading problem
in this feld.

2) In a grant just submitted to thational Institute of HealtiN(H ), we areseeking

ways tdurther personaeour model of BipolaDisorderby measuring neuronal
signatures &EEG which we think may be linked to the etiology of our classes of
Bipolar disorder. The goal is to develop smartphone applications or web interfaces
that track mood in Bipol&atientsthereby enabling us to offarsonaliz
recommendations for them. Thdividualized approaghould revolutionize the

treatment of Bolar Disorder worldwide

Funding
This works has been funded throagirogram grant from ti#&=SP | have also recently

submitted afR01 to the new Computational Psychiatry program Matiomal Institute of
Mental Health.

Sample press coverage
http://ns.umich.edu/new/releases/2035w-the-brains-dailyclockcontrolsmooda
newproject
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