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Virtual physical organisms
INn a computer simulation




| Enter the worm: c. elegans
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principles via simulation
A How can a humble worm regulate itself?
Reproduces
Avoids predators

Survives in different chemical and temperature
environments

Seeks and finds food sources in an ever changing
landscape

Distributes nutrients across its own cells
Manages waste and eliminates it




| Enter the worm: c. elegans
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Worm structure

A ~1000 cells

A 302 neurons
A 50k synapses
A 95 muscles




A complete simulation of the
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environment

Detailed Detailed

simulation simulation



The goal: understanding a
faithfully simulated nervous
system end to end

Extracting mathematical principles from simple nervous
systems is necessary if we are going to understand and
reconstruct the much larger nervous system of the human.




Outreach: put the model
online and let the world
play with it




How much do we know about the

worm?
Articles in Pubmed
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processing depth
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Entire cell lineage mapped
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Entire cell lineage mapped
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Entire cell lineage mapped
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Imaging of cellular dynamics

SreekantiChalasaniSalk Institute



Behavior




Biomechanics

P. Sauvage et al. / Journal of Biomechanics

liquid

gel

Fig. 3. Schematic representation of a cross-section of the worm. The worm (of
radius R) is pinned down on the substrate by capillary forces created by the
meniscus; the thickness of the lubrication film is noted H(Y) and the components
of the velocity of the body section (with respect to the substrate) are V, and V,.

P. Sauvageet al. / Journal of Biomechanics
2011



Plan overview

A Sooner

I Conductance based model of muscle cells
I Physical model of muscle cell forces

I Physical model of worm body with forces from
environment



Conductance model of elegans
muscle cell
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Cell Body
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Cell body, 1
__compartment, active
currents

S arms,
= 10 compartments
each, passive

currents



The connectional currents

Cell Body

Current flowing

i Oul into body
Current leaking

through the

membrane of the :
- 00
n-th cell mn :

Current entering I _
Boyle & the n-th cell N,

Cohen, 20
07

I Current leaving
ouft, the n-th cell



The connectional currents
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body wall muscle cells
(adult worm)
cell lineage shown:

@ Vs lineage
. D lineage
Ml Ciineage

21 cells at hatch

B M iineage (postembryonic)
B A8 lineage

DLM: dorsal left medial; DLL: dorsal left lateral
VRM: ventral left medial; VRL: ventral right lateral

. A-D comrespond to muscle sequences referred to in MusTabled (MoW Table2)

19 cells athatch 20 cells at hatch

Based on Suiston J. E. & Horvitz H. R 1977 & Suiston J. E. et al, 1983, Moerman D. G & Fire A. 1997
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@ Vs lineage

Quadrants of muscle cells o

Quadrant 1

Quadrant 2

. M lineage (postembryonic)
B A8 lineage

DLM: dorsal left medial; DLL: dorsal left lateral
VRM: ventral left medial; VRL: ventral right lateral

va—o)

) A-D comrespond to muscle sequences referred to in MusTabled (MoW Table2)
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Simplified quadrants of muscle cells

Quadrant 1 Quadrant 2
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Equivalent circuit diagram
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Relationship between muscle action
potentials and muscle contraction
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Contemplating options for physical
body and environment simulation
Options:
» boundary-layer mesh joining regular mesh

» adaptive mesh-refinement of regular mesh

» Immersed boundary method

Simulation of swimming organisms: coupling internal mechanics with external fluid dynam
(2004) R. Cortez, L. Fauci, N. Cowen, R. Dillon. Simulation of 3D c. elegans (interaction o
elastic structure with its surrounding fluid) is discussed among other things.

Modeling nematode swimming (200B) Tyson, J. Hebert, C. Jordan, L. Fauci.

Options: boundanfayer mesh joining regular mesh /

adaptive meskrefinement of regular mesh / immersed boundary method.



http://129.81.170.14/~cortez/Prints/thur2.pdf
http://129.81.170.14/~cortez/Prints/thur2.pdf
https://people.ok.ubc.ca/rtyson/Research/Mtl2008.pdf

Estimates of computational complexity

AMechanical model
I ~5Tflops

AMuscle / Neuronal conductance model
I ~240Gflops



GFLOPS

GPWsCPU performance increase
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Plan overview

A Sooner
I Conductance based model of muscle cells
I Physical model of muscle cell forces

I Physical model of worm body with forces from
environment

A Later
I Conductance based model of neurons
I Diffusion based model of neurons
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Parameter optimization
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Parameter optimization

Achard DeSchutter 2006
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Broadcast Yourself ™




Mechanical model

PalayanoMKhayrulin Dibert (submitted)
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3D body plan

Christian GroveNormbase



Teamc A brief history

A Stephen LarsorPh.dstudent, UC San Diego

A MariusBuibas Ph.dstudent, UC San Diego

A Giovannidili, Software engineer, Cork, Ireland

A TimBusbice Senior software engineer, Los Angeles, CA
A Matteo Cantarellj Software engineer, Cagliari, Italy

A Jay Coggan, Project scientist, Computational Neurobiology lab, Sal
Institute

A AndreyPalyanoyProject scientist, A.Ershovnstitute of
Informatics Systems SB RAS, Lab. of Complex Systems
Simulation, Acad_avrentjevNovosmlrsk Russia

A Christian Grove, Project scientist & curatMyormbase Caltech

A SergeyKhayrulin Ph.dstudent A.PErshovinstitute of Informatics
Systems SB RAS, Lab. of Complex Systems Simulation, Acad.
Lavrentjev Novosibirsk, Russia



Teamc A brief history



