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CounterCounter--intuitive intuitive 
Insights from Monte Insights from Monte 
Carlo Simulations Carlo Simulations 

of Synaptic of Synaptic 
TransmissionTransmission
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Typical Typical 
Components of Components of 
Eukaryotic CellEukaryotic Cell

MonocyteMonocyte
(mouse)(mouse)

Basal Basal 
Labyrinth Labyrinth 
of Renal of Renal 
Tubule Tubule 
Epithelial Epithelial 
Cell (rat)Cell (rat)

Pancreatic Pancreatic 
Cell Cell 
ErgastoplasmErgastoplasm
(rat)(rat)

Tracheal Tracheal 
Epithelial Cell Epithelial Cell 
Smooth ER Smooth ER 
(mouse)(mouse)

Salivary Salivary 
Duct Duct 
Epithelial Epithelial 
Cells Cells 
(feline)(feline)

Intestinal Intestinal 
Epithelial Epithelial 
Cells (rat)Cells (rat)

PerinuclearPerinuclear
Structures Structures 
(fibroblast)(fibroblast)

33--D Structure D Structure 
of Vertebrate of Vertebrate 
Muscle Cell Muscle Cell 
(artist’s (artist’s 
rendering)rendering)

Spatial Complexity of Cells:Spatial Complexity of Cells:

Real Cellular Structure Reflects Molecular ScalesReal Cellular Structure Reflects Molecular Scales

(all images from (all images from Hammerson’sHammerson’s Histology, Urban & Histology, Urban & 
SchwarzenbergSchwarzenberg, 1980), 1980)

The Biological Challenge…The Biological Challenge…
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““[[R]esultsR]esults to date show a dizzying array of signaling systems to date show a dizzying array of signaling systems 
acting within and between cells. … In such settings, intuition cacting within and between cells. … In such settings, intuition can an 
be inadequate, often giving incomplete or incorrect predictions.be inadequate, often giving incomplete or incorrect predictions. … … 
In the face of such complexity, computational tools must be In the face of such complexity, computational tools must be 
employed as a tool for understanding.”  Fraser & Harland, employed as a tool for understanding.”  Fraser & Harland, Cell Cell 
100:41 (2000).100:41 (2000).

Corollary:  Need to accurately assess the Corollary:  Need to accurately assess the variabilityvariability of of 
biological systems, and their propensity to biological systems, and their propensity to switchswitch
between different operating modes and/or to between different operating modes and/or to failfail

Requires:  Requires:  Stochastic methodsStochastic methods applied to applied to 33--D reactionD reaction--
diffusiondiffusion and and cellscells--asas--machinesmachines problems problems -- largely largely 
embryonic due to the scope of necessary software embryonic due to the scope of necessary software 
development and computational scale.development and computational scale.

The Computational Challenge…The Computational Challenge…

QM/MMQM/MM
∆∆∆∆∆∆∆∆tt ~10~10--1515 ss

Dramatically increasedDramatically increased
space and time scalesspace and time scales

∆∆∆∆∆∆∆∆tt ~10~10--66 ss

? How ?

Cellular Structures
Molecular Locations
Mass Action Rate Constants

Molecular Diffusion
Molecular Mechanisms
Molecular Structure

MCellMCell & & DReAMMDReAMM
Build models and Build models and use Monte Carlo SSL algorithms to couple use Monte Carlo SSL algorithms to couple 

Brownian Dynamics diffusion with binding, unbinding, Brownian Dynamics diffusion with binding, unbinding, 
conformational changes,…conformational changes,…

 

The Multiscale Computational Challenge 

Problem/ 
Method 

Typical 
Application 

Software 
Examples 

Resolution 
(Scale) 

Spatial 
Realism 

Stochastic 
Realism 

Time 
Step 

Time 
Scale 

Serial/ 
Parallel 

Computer 
Time 

Networks of 
Reactions/ 

Sets of ODEs 

Metabolic or 
signaling 
pathways 

VCell, ECell 
Gepasi 

XPPAUT 

N/A 
(cell) N/A none ms ms - hrs serial minimal 

Excitation/ 
Compartmental 

Circuit 

Nerve 
signaling 

NEURON 
GENESIS 
NEOSIM 

µm - mm 
(cell -

multicell) 

low - 
medium none ms ms - hrs usually 

serial 
usually 

low 

Reaction 
Kinetics/ 

Stochastic 

Gene 
regulation/ 

transcription 

BioSpice 
StochSim 
XPPAUT 

MCell 

N/A 
(cell) 

N/A high ms ms - hrs serial low 

3-D Reaction 
Diffusion/ 

Finite Element 

Flow models, 
calcium 

dynamics 

VCell 
FIDAP 

Kaskade 

<µm 
(cell) 

medium- 
high none µs - ms µs - sec either low - high 

3-D Reaction 
Diffusion/ 

Monte Carlo 

Micro- 
physiological 

processes 

MCell 
ChemCell 

nm – mm 
(subcell - 

cell) 
high high ps - ms µs - sec either low - high 

Macromolecular 
Machinery/GNM 

Collective 
dynamics 

GNM 
ANM 

Å - 100 nm 
(complexes) 

high none N/A <ns - µs> 
N/A 

(analytic) minimal 

Diffusion in Potential 
Field/Poisson- 
Nernst-Planck 

Electrostatic 
interactions, 
ion channels 

UHBD 
Delphi 

CHARMM 

Å - nm 
(membrane 

proteins) 

high 
(implicit 
solvent) 

none N/A <ns - µs> parallel low - 
medium 

Macromolecular 
Motions/Brownian 

Dynamics (BD) 

Conformational 
dynamics (in 
flow fields) 

CHARMM 
GROMOS 

UHBD 

Å - nm 
(macro-

molecules) 

high 
(implicit 
solvent) 

high 5 - 10 fs <ns - µs> parallel medium  
- high 

Molecular Structure/ 
Molecular Dynamics 

(MD) 

Conformational 
dynamics 

& free energies 

AMBER 
CHARMM 
GROMOS 

Å 
(macro-

molecules) 

exact 
(explicit 
solvent) 

exact 1 - 2 fs <ns - µs> parallel very high 

Transition 
Dynamics/ 

Quantum-Molecular 
Mech. (QM/MM) 

Enzyme 
reactions 

(make/break 
bonds) 

DYNAMO 
(AMBER 

CHARMM) 

Å 
(molecules) 

exact 
(explicit 
solvent) 

exact 1 - 2 fs <ns - µs> parallel very high 

Molecular Structure/ 
Ab initio simulations 

Solution of the 
Schrodinger 

equation 
Gaussian98 

< Å 
(electrons -

atoms) 
exact exact N/A N/A parallel highest 
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Various Software PackagesVarious Software Packages
e.g., FormZ, XVoxTrace, 
NWGrid, Mesquite, LaGrit, 
VTK, OpenDX, NETGEN, 
PSCPSC--VBVB

DReAMMDReAMM
Design, Render & 
Animate MCell Models

MCellMCell
General Monte Carlo 
Simulator of Microcellular 
Physiology

GenerateGenerate
MeshMesh(es(es))

AnnotateAnnotate
MeshMesh

Simulate ModelSimulate Model

Visualize & Analyze Visualize & Analyze 
ResultsResults

Create or Edit Create or Edit 
GeometryGeometry

GenerateGenerate
MeshMesh(es(es))

AnnotateAnnotate
GeometryGeometry

*

*

*Specify NonSpecify Non--spatial spatial 
Model ParametersModel Parameters

MicrophysiologicalMicrophysiological (Spatially Realistic) Modeling Pipeline(Spatially Realistic) Modeling Pipeline

Where are the bottlenecks?Where are the bottlenecks?

Skipping over …Skipping over …
••Brownian Dynamics Random WalkBrownian Dynamics Random Walk

(Grid(Grid--free)free)
••Monte Carlo Probabilities for:Monte Carlo Probabilities for:

UnimolecularUnimolecular TransitionsTransitions
Bimolecular AssociationsBimolecular Associations

••Numerical AccuracyNumerical Accuracy
••RunRun--time Optimizationstime Optimizations

Vertebrate Vertebrate 
Neuromuscular Neuromuscular 
Junction (NMJ)Junction (NMJ)

Engineering Engineering 
Design Issues:Design Issues:

Motor ProgramsMotor Programs

Final Common Final Common 
PathPath

1:1 Transmission1:1 Transmission

Impedance Impedance 
MismatchMismatch

Motor Unit Size Motor Unit Size 
& Recruitment& Recruitment

Synaptic Synaptic 
Latency & JitterLatency & Jitter

Neuromuscular PhysiologyNeuromuscular Physiology

Simulate Simulate mepcsmepcs……

Neuromuscular PhysiologyNeuromuscular Physiology

Engineering Issues:Engineering Issues:
Impedance Mismatch, Impedance Mismatch, QuantalQuantal Analysis & Variability?Analysis & Variability?
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JunctionalJunctional Folds Decrease Folds Decrease mepcmepc AmplitudeAmplitude

Skipping over …Skipping over …
••Parameter Fitting for Parameter Fitting for NMJsNMJs::

Untreated; Untreated; AChEAChE Inhibited;Inhibited;
AChEAChE Inhibited + Inhibited + AChRAChR Blockade Blockade 

••Predicted Untreated Predicted Untreated mepcmepc ttrr

Testing Prediction for Untreated Testing Prediction for Untreated mepcmepc ttrr::
Simultaneous Broadband EC and VC RecordingsSimultaneous Broadband EC and VC Recordings

Skipping over …Skipping over …
••Quantitative Bandwidth Quantitative Bandwidth 

DeterminationDetermination
••Effect of EC Electrode Diameter Effect of EC Electrode Diameter 

and Pressureand Pressure
••mepcmepc Alignment and AveragingAlignment and Averaging

mepcmepc ttrr and and AChACh ExocytosisExocytosis Temperature Sensitivity of Temperature Sensitivity of mepcsmepcs is Mostly Governed by is Mostly Governed by 
Offsetting Effects on Channel GatingOffsetting Effects on Channel Gating

Skipping over …Skipping over …
••Experimental Determination ofExperimental Determination of

AChEAChE Site DensitySite Density
••Experimental Determination ofExperimental Determination of

AChEAChE Turnover NumberTurnover Number

Highly Nonlinear Sensitivity of Highly Nonlinear Sensitivity of mepcmepc ttff to to AChEAChE ParametersParameters Temperature Sensitivity of Temperature Sensitivity of mepcsmepcs is Mostly Governed by is Mostly Governed by 
Offsetting Effects on Channel GatingOffsetting Effects on Channel Gating
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Patient followed from birth:

• Progressive weakness and impaired neuromuscular 
transmission without early degenerative endplate changes 
typically associated with SCCMS

• Prolonged, low amplitude synaptic currents at early and late 
stages 

• Atypical, initially mild (focal) ultrastructural changes 
progressed over time 

• Novel C-to-T substitution in exon 8 of the δδδδ subunit of AChR: 
serine to phenylalanine mutation in the second 
transmembrane domain (M2) that lines the ion channel

• AChR numbers not significantly reduced

PSC’s Biomedical Supercomputing Initiative – An NIH Resource Center

Synaptic Synaptic PathophysiologyPathophysiology in a Novel Form ofin a Novel Form of
Slow Channel Congenital Slow Channel Congenital MyasthenicMyasthenic Syndrome (SCCMS)Syndrome (SCCMS)

Normal

Focal 
(early)

Global
(late)

Synaptic Synaptic PathophysiologyPathophysiology in a Novel Form ofin a Novel Form of
Slow Channel Congenital Slow Channel Congenital MyasthenicMyasthenic Syndrome (SCCMS)Syndrome (SCCMS)

Synaptic Synaptic PathophysiologyPathophysiology in a Novel Form ofin a Novel Form of
Slow Channel Congenital Slow Channel Congenital MyasthenicMyasthenic Syndrome (SCCMS)Syndrome (SCCMS)

•• Typical of SCCMS, mutant neurotransmitter receptors showed Typical of SCCMS, mutant neurotransmitter receptors showed 
dramatically slowed deactivation (ion channel closing rate)dramatically slowed deactivation (ion channel closing rate)

•• However, However, simulations simulations of synaptic signalsof synaptic signals predictedpredicted an an 
additional noveladditional novel slowing of receptor activation (ion channel slowing of receptor activation (ion channel 
opening rateopening rate))

•• Based on model predictions, opening rate was measured and Based on model predictions, opening rate was measured and 
found to be decreasedfound to be decreased -- likely explains unique early course of likely explains unique early course of 
disease in this patientdisease in this patient

PSC’s Biomedical Supercomputing Initiative – An NIH Resource Center
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Type I Variability?Type I Variability?
Type II Variability?Type II Variability?
Decay Time Variability?Decay Time Variability?

200
open

AChRs
1 ms

SpatioSpatio--Temporal Correlations and Synaptic NoiseTemporal Correlations and Synaptic Noise

averaged results from averaged results from MCellMCell simulations (3000 runs)simulations (3000 runs)

Stochastic Markov ModelStochastic Markov Model

SpatioSpatio--Temporal Correlations and Temporal Correlations and 
Synaptic NoiseSynaptic Noise

SpatioSpatio--Temporal Correlations and Synaptic NoiseTemporal Correlations and Synaptic Noise

SpatioSpatio--Temporal Correlations and Synaptic NoiseTemporal Correlations and Synaptic Noise SpatioSpatio--Temporal Correlations and Synaptic NoiseTemporal Correlations and Synaptic Noise
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SpatioSpatio--Temporal Correlations and Synaptic NoiseTemporal Correlations and Synaptic Noise

33--D reconstruction of D reconstruction of 
vertebrate neuromuscular vertebrate neuromuscular 

junctionjunction

Synaptic topology & current variabilitySynaptic topology & current variability

PSC’s Biomedical Supercomputing Initiative – An NIH Resource Center

Increasingly Realistic Molecular LocalizationIncreasingly Realistic Molecular Localization

Synaptic Topology Synaptic Topology 
& Current Variability& Current Variability

AmplitudeAmplitude
(open channels)(open channels)

Decay TimeDecay Time
(microseconds)(microseconds)

Synaptic Topology & Current VariabilitySynaptic Topology & Current Variability
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Neuromuscular PhysiologyNeuromuscular Physiology

Simulate Simulate PresynapticPresynaptic Calcium Dynamics Calcium Dynamics 
& Neurotransmitter Release…& Neurotransmitter Release…

Simulate Simulate PresynapticPresynaptic
Calcium Dynamics & Calcium Dynamics & 
Neurotransmitter Release…Neurotransmitter Release…

CaCa2+2+

A model of voltage-gated Ca2+ channel activityA model of voltage-gated Ca2+ channel activity

DDCaCa = 6x10= 6x10--66 cmcm22/sec/sec

CaCa2+2+ influx = 800 ions/ms at influx = 800 ions/ms at --60 mV60 mV

Church and Stanley (1996)  J. Church and Stanley (1996)  J. PhysiolPhysiol. 496:59. 496:59--6868
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Is this number of binding sites feasible?Is this number of binding sites feasible?

There may be as many as 40 binding sites per vesicleThere may be as many as 40 binding sites per vesicle

Chapman E.R.(2002) Chapman E.R.(2002) Nature Rev. Mol. Bio.Nature Rev. Mol. Bio. 3:4983:498--508 508 

40 binding sites,
subgroups of 5

40 binding sites,
subgroups of 5

40 receptors

19 receptors

rpt = 0.68±0.05rpt = 0.68rpt = 0.68±±0.050.05

slope = 4.07slope = 4.07

If binding sites are subdivided into 
groups of five, then 40 are necessary 
with 3 groups of 2 required for fusion.

If binding sites are subdivided into 
groups of five, then 40 are necessary 
with 3 groups of 2 required for fusion.

APAP

Conclusions and PredictionsConclusions and Predictions

1. Can a model of an entire active zone 
simultaneously reproduce the known CRR, 
distribution of release times and average 
release probability?

2. If a model can be found, what does it predict for 
the number of Ca2+ binding sites per vesicle 
and what constitutes a vesicle fusion event?

YesYesYes

~30-40 binding sites, ~6 of which must be 
bound simultaneously to trigger fusion
~30~30--40 binding sites, ~6 of which must be 40 binding sites, ~6 of which must be 
bound simultaneously to trigger fusionbound simultaneously to trigger fusion

Future DirectionsFuture Directions

• CRR changes during development 
and reinnervation.  Can this be 
explained by spatial changes that 
occur?

• Multiple action potentials can induce 
short-term plastic changes.  Can this 
be predicted using our model of 
vesicle fusion?

MCell/DReAMMMCell/DReAMM v.3v.3
Developers & CollaboratorsDevelopers & Collaborators

MicrophysiologyMicrophysiology::
John John PattilloPattillo (PSC)(PSC)
Steve Steve MerineyMeriney (U. Pittsburgh)(U. Pittsburgh)
Tom Tom DeerinckDeerinck, Mark , Mark EllismanEllisman (UCSD)(UCSD)
Will Ford (U. Pittsburgh, Cal Tech)Will Ford (U. Pittsburgh, Cal Tech)
Chris Gomez (U. Minnesota)Chris Gomez (U. Minnesota)
Deanna Deanna NachreinerNachreiner (BBSI)(BBSI)
Jordan Jordan TorokTorok (BBSI)(BBSI)
Nick Nick MorsilloMorsillo (U. Pittsburgh, BBSI)(U. Pittsburgh, BBSI)
Evan Evan KepnerKepner (U. Pittsburgh)(U. Pittsburgh)
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MCellMCell & & DReAMMDReAMM Development:Development:
Tom Tom BartolBartol, Rex Kerr, Terry , Rex Kerr, Terry SejnowskiSejnowski (Salk Institute)(Salk Institute)
Jack Chang, Boris Jack Chang, Boris KaminskyKaminsky (PSC)(PSC)


