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Circadian rhythms : adapting to the diurnal cycle
Circadian rhythms are physiological oscillations synchronized to day/night
cycle which help organisms to anticipate daily changes in environment.



Circadian rhythms are generated by an internal clock

Circadian rythms are known since
antiquity, however their endogeneous
character was evidenced only in 1729
by J.-J. d’Ortous de Mairan, a french
physicist and astronomer.

Leaf oscillations of Mimosa pudica
persist in the dark.

Circadian oscillations of bean leaves



Circadian clocks are genetic oscillators
Bünning (1935) Free-running period is an inherited property.
Konopka and Benzer (1971) Mutation of Per gene in Drosophila
induces variations in period or arrhythmia.

Circadian clocks are
networks of interacting
genes and proteins
whose activities oscillate
over a 24-hour interval.

Circadian oscillations in
gene activity in
cyanobacteria

Core mammalian clock network



Time keeping requires entrainment by an external cycle

Wheel-running activity of squirrels



A network of circadian clocks

Our internal rhythms are
governed a network of
interconnected clocks in
peripheral organs which
synchronize to various signals

Only the master clock in the
brain (SCN) sees the light
directly



The liver clock is entrained by feeding/fasting cycles

Feed mice exclusively during the day,
which is the normal rest period

Schroder AJP-HCP 2014

Damiola Genes Dev 2000

Clock gene activity
profiles in liver of
mice fed during
day vs during night

Daytime feeding changes the phase of clock gene expression in liver
but not in the master clock



Circadian rhythms of metabolism



Clock and metabolism interact strongly

Inactivating the clock
leads to severe metabolic
diseases

Metabolic stress disrupts
circadian rhythms

How to describe
mathematically the
coupling of clock and
metabolism ?



High fat diet (HFD) disrupts the clock

In HFD, the feeding/fasting cycles entraining the clock are perturbed
and are associated with lower AMP levels

Hatori et al. Cell Metab 2012
High fat diet ad libitum

normal chow diet ad libitum

Typically, the amplitude of gene activity oscillations is dampened.



Questions

How do feeding/fasting cycles entrain the clock ?

What are the metabolic sensors (“nutrireceptors”) ?

Can we build a mathematical model of the clock with these sensors ?

Can it explain how perturbations in feeding/fasting disrupt the clock ?

Can we design a pharmacological protocol to restore normal clock
profiles ?



How can the clock sense metabolism ?

Main gauges of cellular metabolic state : NAD+/NADH, AMP/ADP/ATP

ATP is the cell fuel (e.g., muscle contraction)

Metabolic reactions consume or produce ATP (ATP↔ ADP↔ AMP)
and convert NAD+ to NADH or vice versa

Glycolysis

ADP+ADP←→ ATP + AMP

Low AMP : energy-full
High AMP : energy-deprived



Nad+ and AMP display daily variations

Note the presence of two peaks, including one at ZT5 and another
one at ZT14-ZT17



Basic network coupling the clock to metabolism

NAD+ and AMP are important metabolites characterizing the cell
metabolic state, and influence the circadian clock through SIRT1
(activated by NAD+), and AMPK (activated by AMP).

SIRT1 inhibits CLOCK/BMAL1
activity

SIRT1 deacetylates PGC1a
which coactivates Bmal1 with
RORa

SIRT1 deacetylates PER2 and
destabilizes it

AMPK destabilizes CRY1 and
indirectly PER,

AMPK enables deacetylation of
PGC1a by SIRT1

AMPK stabilizes NAMPT



Translating networks into differential equations

A gene is active when it synthesizes messenger RNA (transcription)
* The Per gene can be in
3 states, each with a
different mRNA synthesis
rate

1 bare DNA (low activity)
2 BMAL1-CLOCK protein complex bound to DNA

(high activity)
3 PER-CRY complex bound to BMAL1-CLOCK bound

to DNA (reduced activity)

* The fraction of time spent in each state is
determined by the chemical equilibrium of

G⇐⇒ G : CB ⇐⇒ G : CB : PC

* Affinity of CLOCK/BMAL1 to DNA is reduced by
SIRT1



Mathematical model

16 differential equations
describe the time
evolution of messenger
RNA concentration
(=gene activity) and
protein concentration.

The model has 96 kinetic
constants (mRNA and
protein degradation rates,
transcription and
translation rates, ...)
which are mostly
unknown and must be
estimated from
experimental data.



Expression data from mouse livers

Hugues Plos Genet. 2009
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Approximation of exp. data with Fourier Series
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Fourier series and
microarray
expression time
profile

Mice put in DD and fed at libitum.

Even though the data are obtained in vivo, they show a very good
reproducibility from one day to the next



Adjustment of model to experimental data

Computationally intensive parameter estimation (96 kinetic constants)
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Simulation results

Experimental data
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WT clock gene expression data and NAD+ profiles well reproduced



Reproducing Sirt1 and AMPK loss of function
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Mutant phenotypes are well reproduced.

Knocking down Sirt1 generally amplifies oscillations in clock gene
expression

Knocking down LKB1, hence disactivating AMPK, generally dampens
oscillations in clock gene expression



Understanding the effect of AMPK rhythms
Simulate

A constantly fed-like state (AMPK activity constitutively low)
Alternation of fasting and feeding ( oscillating AMPK activity)
A constantly fasting state (AMPK activity constitutively high)
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Model reproduces the loss of NAD+ oscillations

Loss of NAD+ oscillations as observed in a high-fat
diet is potentially harmful

Eckel-Mahan et al. Cell 2013

Mathematical model

NAD+ peak essential for oxidative metabolism (Peek et al. Science 2013).

In obesity or type 2 diabetes, AMPK is systematically depressed
regardless of the regimen.

A pharmacological approach is needed to restore clock function



Pharmacological action on the clock

Drugs that can transiently modulate the activity of the core clock
protein REV-ERBα have recently become available.

When a REV-ERB agonist is administered for
several days, clock oscillations are abolished
due to strong repression by REV-ERB.

Can we restore normal clock oscillations by administering a short
REV-ERB agonist pulse at the right time ?



Rescue of clock gene oscillation amplitude
in high-fat diet using a Rev-Erb agonist

Optimal administration time Not optimal Not optimal
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Normal amplitude and phase are restored when the administration
time of a REV-ERB agonist (green pulse) is carefully chosen.



First experiment in vivo

Mice at Institut Pasteur de Lille were fed a high fat diet and then
administered a Rev-Erb agonist for 2 days before being sacrificed to
analyse their livers 2 hours after beginning of the night

Encouraging but still much work is required to make the model more
quantitative



Conclusion

A mathematical model how the liver clock is entrained by
feeding/fasting cycles had been designed, incorporating the
metabolic sensors SIRT1 and AMPK.
It agrees well with a number of WT and mutant phenotypes
The mathematical model explains the daily patterns of NAD+
level.
Adjusting the model to normal chow and high fat diet data may
help to understand which actors are perturbed in nutritional
stress. It seems important to have a long fasting period during
the night to maintain high-amplitude rhythms
Goal : deliver a drug affecting a clock gene at a precise timing,
so as to restore normal clock rhythms.



First results published in Cell’s open access journal



Mathematical modeling to understand the interplay of
proliferation and differentiation in development

Benjamin Pfeuty, Development 142, 477 (2015).
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Biophotonics for testing cancer drug
L. Héliot and M. Gonzalez-Pisfil. Caracterizing molecular interactions
with FRET, FCS, FLIM, etc...


