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1. Two oscillators couple:
One Internal to one external:

Arnold tongues or entrainment !

2. Biological oscillations: Cell cycle, circadian, calcium,
embryos, proteins (DNA damage)



3. Oscillations of a protein density inside a cell: regulated by
negative feed-back loops (NF-kB, p53, Wnt proteins):

DNA damage, inflammation, embryo segmentation.

4. An external (cytokine or protein) oscillation coupled to
Internal oscillation: The cell ‘learns’ and get memory, it
synchronizes (entrain)

Arnold tongues — Overlap — Mode hopping

5. Pulsatile extracellular signaling in experiments (Chicago):
When memory is short: Observe mode hopping.
A way to control cell dynamics ? Jump between genes?
Chaotic motion !

6. Understand time correlations: One tongue dominates —
stronger time correlations and memory (Poincare section).
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Graphical Abstract
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Synchronization of two oscillators

Huygens’ clocks 1665



Three different non-linear dynamics

Periodic Quasiperiodic Chaotic
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Two coupled oscillators: Arnold tongues
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Chicago basement convection !
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External oscillating current !
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Fig 3 — The Fourier spectrum. Arrows indicate the peak at the frequency .
Fig. 2, — Direct time recordings of temperature for various stages of the period doubling cascade showing
the onset of fj4 (R/R, = 3.52), I8 (R/R_ = 3.62). /16 (R/R_ = 3.65).
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Chicago basement convection !
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Semiconductors: Gwinn, Westervelt, Harvard
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differential resistance SR({Q)

Sliding CDW’s at UCLA
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What about biology —
many oscillators !

Cell cycles

Circadian clocks

Calcium oscillators

Embryos

Pace maker cells

Protein oscillations (DNA damage)
Population dynamics
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‘Typical’ Oscillating data: Hesl] -
segmentation
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Simplest negative feed-back loop: Hesl
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Simple models of ultradian oscillations

Krishna, Jensen, Sneppen (2006); Hunziker, Jensen, Krishna (2010); Pedersen, Jensen, Krishna (2011);
Mengel, Hunziker, Pedersen, Trusina, Jensen, Krishna (2010)
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The NF-xB System in Mammalian Cells

e NF-xB family: dimeric transcription factors

—
w

e Regulates immune response,
inflammation, apoptosis

e Over 150 triggering signals, over

150 targets

e Each NF-«B has a partner inhibitor 1B

e Flourescence imaging of NF-xB and |1kB in
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Simple Model for Protein Oscillations
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Oscillations of protein densities in a single cell
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Embedded attractors:
Chaos ??

MNFKB Attractor, C-series ——
NFKB attractor, E-series
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Externally “forced” NF-kB system
External modulation of TNF cytokine signal

Cells can ‘learn’ (memorize after transient)
and synchronize their dynamics —

Arnold tongues:

Maybe a way to control DNA damage/DNA repair

(S. Krishna, L. Kadanoff, MH])



Externally ‘forced” NF-kB system

(A) Exlraceuarsgné<lﬂ (B) ExraceuarsgnEQF] /;\/\/\/
/’ / ® "i”
.3 ""
' NF-kB I /_\
\ )\ | MMJ o

/

MNF kR

nucleus

(S. Krishna, MH])



NF«B

IxBa

IKK

TNF
A20

NFxB model, driven by TNEF:
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TNF amplitude
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Sinusoidally driven NF-kB oscillations
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Smusmdally driven NF-kB oscillations
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Smusmdally driven NF-kB oscillations
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NFkB , TNF

Sinusoidally driven
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NFkB , TNF

Slnusmdally driven NF-kB oscillations
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Sinusoidally driven NF-kB oscillations
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Nuc. NF-xB (a.u.)
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When tongues overlap:
Experimentally observed mode hopping
between entrained states

Nuclear NF-kB
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Stochastic Gillespie simulations: manifest as
modehopping between entrained states
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TNF Amplitude [AU]

Deterministic chaos:

Mode hopping between several
entrained states
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Modehopping a way to switch between genes?:
Multiplexing
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Gillespie simulations of NF-kB network by Mathias Heltberg
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Probability to be in
different tongues:

m

Time Spent in Tongue, TNF = 1.8times unperturbed
m a3
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Gillespie simulations of NF-kB network by Mathias Heltberg
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To understand memory:
Simplify the NF-kB model: Overlap of two tongues
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To simplify: Make a Poincare cut
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Stochastic simulation: Jumps between the tongues !



Basin of attraction for the two tongues
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Number of oscillations before leaving a tongue

Time in LC 3/1 (T =50 min, A=0.1) | Enies 9507
g & Ae™:  xZ/Ndf = 400/27
St [ Ae®"+Ce™": 32/Ndf = 24/26
S TF Ny |- - Ae™ ¥3/Ndf = 770/28
@
28102 3
(@] =
L =
o
» 10
Q E
2
E | ~
Z 1 E 3 1 - - 1 e ¥ -
20 40 60 80 100 120
Number of Oscillations
C Time in LC 3/1 (T=33min, A=0.1)  [Enties 41212
[] -
S 10*F ———— Ae™: KHNdf = 142/27
= S R PR Ae®"+Ce™": y2/Ndf = 7/26
E 10°) - - - Ae™ x?Ndf = 647/28
2 ™
9- ‘102|E 3 N
o F S
5 10 N
K] E E~
E i St
=1 1 E \.\' ‘-‘.‘\ ]
= £ : : ! - I R | .
20 40 60 80 100 120

Number of Oscillations

Number of Observations (@

Time in LC 2/1 (T =50 min, A=0.1) | [Enties 51475

Ae™: 1*/Ndf = 1596/27
- Ae™+Ce": y¥/Ndf = 34/26
-~ - Ae™™ y2/Ndf = 8442/28

~
~ ~

1 . RS |\] ]

- 'y ury g
o 22 < <

Number of Observations

40 60 80 100
Number of Oscillations

120

. Time in LC 3/1 (T =50 min, V=1) | [Enties 20675

— Ae™™: YYNdf = 89/27 |
Ae™+Ce™": ¥2/Ndf = 10/26
- == Ae®" ¥%/Ndf = 338/28

1 e s'LO i
Number of Oscillations

100

Strongly time correlated (memory):
Stretched exponential — or sum of two exponentials



Two coupled oscillators: Arnold tongues
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Only few examples Arnold tongues in other biological systems:
Cell cycle and circadian clock
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Figure 4. Domains of entrainment of the cell cycle by the
circadian clock via circadian control of the kinase Wee1. The

Gerard and Goldbeter, May, 2012



Populations of genetic oscillators
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Cross, Charvin, Siggia:
Budding yeast cell cycle

Experiments and Model

(PNAS 2009)

mass

mass

(b)

mass

©

FIG. 3. The daughter mass (solid line, arbitrary units) as a func-
tion of time for impulses of Cln3 (dashed) with periods T, longer
than the locking interval [T=160 min, (a)], within the mode-locked
interval [T=120 min, (b)], and shorter than the mode-locked inter-
val [T=90 min, (c)]. The amplitude of the perturbation is given by
the first entry in Table I. Note that there is an extra cell cycle in (a)
and an extra pulse in (¢). The natural period of the cell is 138 min,
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which is the average period in (c).




Initial conditions in “phase space” to different tongues

pr Tongues from different initial condtions
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