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Physics of collective cell behavior

Collective EGF sensing in organoids Collective ATP sensing in fibroblasts
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Should the minimum run time be. ..

...long"~ ...0or short?
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t's all about counting molecules.

A good measurement requires

ﬁZ - ﬁ]_ > O-n2_n1

Howard Berg Edward Purcell
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Poisson statistics:
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n1 : T2
0 T
CLSC
A good measurement requires AN ~ a3gvT > g ~
VT Dac
1 mM
\C 1/3
or T > ~ 0.5 s And typical bacteria
g?v?Da -
run times are 1 s.
A

1 mM/mm (minimum

2
detectable gradient) pm/s 1000 pmé/s 1 pm



The Berg-Purcell [imit persists
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Using the fluctuation-dissipation theorem:

oc 1 n 2
¢  \|wDocT = k(1 —n)T

Using reaction-diffusion theory:
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¢ \|2xeDc(1 —0)T = k,c(1 — )T
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Berg-Purcell term sets the “noise floor”






Gradient sensing in larger cells

g = Ac/Ax
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Difference in

- Aa~a’Ac=a’ga
molecule numbers:
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Diffusive ac
. g ~
fluctuations: VT Dac
Error in gradient 5_9 _ 9 ~ ¢
sensing: g An g%a3TD
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Or Berg-Purcell limit




Once again, the

Serg-Purcell limit persists

Using an analogy to electrostatics:

(8c2)*) 1
(co/a)>  4mDacoT’

Using the fluctuation-dissipation theorem:

<[5(C1 —C2) $>/"2 1

(Co/T)> ~ wDa'cyt

Modeling as an Ising spin chain:

]
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Amoebae appear to approach the Iimit

Endres &
Wingreen,
PNAS, 2008 -

Chemotactic Index
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where 6 is a function of
0g 1
c/a  /TDac

One free parameter: T =~ 3.2 s

And typical amoebae
response times are 5-10 s.
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Can cells surpass these limits by communicating?

Collective EGF sensing in organoids Theory of collective sensing

Mugler, Levchenko, Nemenman, PNAS, 2016
Ellison, Mugler, Brennan, et al, PNAS, 2016 Fancher, Mugler, submitted



Cell-cell communication

Juxtacrine signaling
(short-range)
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Autocrine signaling
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Bacteria

Youk & Lim,
Science, 2014
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Concentration sensing by a single cell
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m = Br —vm + Ny,
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See also:
* Gardiner, Handbook of stochastic ~ —~— — ~ —_—— —

thods, 1985 L . e .
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Conc. sensing with short-range communication

correlated measurements
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single two
cell cells

Fancher & Mugler, arXiv:1603.04108
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Conc. sensing with long-range communication

less-correlated measurements
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Conc. sensing with long-range communication

Optimized configuration of cells:

e Long-range communication outperforms
short-range, even for small populations

« Optimal separation can be many cell radii

~ 16 cells
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Fancher & Mugler, arXiv:1603.04108



Glioblastoma cellular architectures are predicted
through the characterization of two-cell interactions

Nataly Kravchenko-Balasha®’, Jun Wang®’, Francoise Remacle®<, R. D. Levine“®?, and James R. Heath®92

PNAS
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Phase diagram of optimal sensing strategy
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Collective ATP sensing in fibroblasts
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-Xperimental system

Ligand Sink Collagen Gel Ligand Souycé
& Media & Organdoids & Media

An = 3 molecules

Ligand Concentration

4 EGF (0.5 nM/mm)

Ellison, Mugler, Brennan, et al, PNAS, 2016



Collective sensing

EGF (0.5 nM/mm)

Single cells
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Gradient sensing:

Berg-

Purcell estimate
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Difference in molecule numbers:

An ~ a*Ac = a’g(Na)

Diffusive fluctuations:

CLSC

VT Dac
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Error in gradient sensing:
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Mugler, Levchenko, Nemenman, PNAS, 2016



Gradient sensing:

Berg-
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Compartments need
to communicate to

18

tegrate information.

Mugler, Levchenko, Nemenman, PNAS, 2016



Gradient sensing w/ short-range communication
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N 1

“Local excitation—global inhibition (LEGI)”:

Levchenko & local species:  {i —_  yeadout

lglesias,

Ay =4fn —mn
Biophys J, 2002 global species: m; — (edge cell):

For 2D, 3D systems, see:
Smith*, Fancher®, Levchenko, Nemenman, Mugler, Phys Biol, 2016 Mugler, Levchenko, Nemenman, PNAS, 2016



Gradient sensing w/ short-range communication
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Readout noise:

7 = ac(Zi, t) — pri + N UQA
. - N
Ui = Br; — vl + ne; A%

m; = Br; —vm; +y(Mi—1 + Mit1 — 2my;) + Mg

For 2D, 3D systems, see:
Smith*, Fancher®, Levchenko, Nemenman, Mugler, Phys Biol, 2016 Mugler, Levchenko, Nemenman, PNAS, 2016



-INite communication bounds sensory precision

&)

z
/

é] / |nf|ﬂ|te/y

\Z 4 v 1 (Berg-Purcell)
<] /

5 3 / _ Beyona in si

= eyonda a certain size,

<« .

c%) / L there is no further benefit
o 2t Finite Y

o

-

o 17

%)

-

()

CD O | L 1 1

0) 10 20 30 40 50

number of cells, N

Mugler, Levchenko, Nemenman, PNAS, 2016






-INite communication bounds sensory precision
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-INite communication bounds sensory precision
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Comparing theory with experiment
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What Is the communication molecule?

Gap-junction blocker:
50 nM Endothelin-|
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Same for:

e 50 uM Carbenoxolone
e 50 uM Flufenamic acid
* 0.5 mM Octanol

Calcium depletion:
100 nM Thapsigargin

90 20
120 60
150 0 30
180 0
210 330
240 300
270
e
left unbiased right

5 nM EGF spike

Normalized fluorescence intensity
O O O O O O O O o

O = N W » OO N 00 © =

2-5 1
—Cell 1
B Cell 2
Cell 3
2t Cell 4}
Cell 5
1.5¢
1t J\ \
\ WJ \ A
\—/ \/._\ /\. *\rN \f\/\“
0.5 ) . N NS .
0 10 20 30 40 50

Ellison, Mugler, Brennan, et al, PNAS, 2016

Time(frames)



Collective cell migration

t = Omin.

Current work w/ Bumsoo Han, Purdue:

Cellular Potts model:

U = Z Ja(x),a(x/) —I—)\Z&‘l?

(z,2") z

o 1 2 3 4 5 6 7 8 9 mm

Varennes, Han, Mugler, Biophys J, 2016



Outline of this talk

Gradient
sensing

Long-range
communication



Howard Berg lab



Summary

 Simple models provide powerful bounds on biological
information processing

 Communication allows collective systems to
outperform single cells

* Long-range communication can reduce measurement
correlations, leading to optimal cell separations

 Communication is ultimately imperfect, which
fundamentally limits sensory precision
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