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MCell 
 Monte Carlo Simulator of Microphysiology 

• Random walk diffusion 

•  Stochastic biochemical 
kinetic state transitions 

•  Realistic 3D Geometry 

Kon
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Vision 
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MCell Features  

 
 
 
 
 
MCell is a critical component of the MMBioS because of its unique 
combination of modeling, simulation, and visualization capabilities 

•  Particle-based, stochastic 
•  Arbitrarily complex 3D geometry 
•  Complex reaction networks 
•  High-level, flexible Model Description Language 
•  Rigorously validated and highly optimized stochastic Monte Carlo 

methods 

•  Powerful and extensible visualization capabilities with CellBlender 

•  Long history of development, and user support 
•  >1600 registered users 
•  >80 publications based on MCell models (see mcell.org) 
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DBP2 

Comparison of MCell with other tools for 
spatial modeling of biological systems 
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spatial complexity  
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Role of MCell in the BTRC 
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Specific Aims 
•  Aim 1. libMCell – Extensible software framework 
▫  Foundation for development and validation of new simulation 

methods to support DBP’s and collaborations 
▫  Facilitate usability and extensibility by user community via API 

•  Aim 2. CellBlender – Model building, visualization 
and analysis 
▫  Build, debug and analyze models with high spatial and biochemical 

complexity 
▫  Facilitate communication with collaborators and broader science 

community 
•  Aim 3. Advanced simulation capabilities 

1.  Dynamic geometry 
2.  Rule-based biochemistry 
3.  Molecular crowding   
4.  Parallelization 

DBP3 C&SP5 DBP2 

TRD1 

TRD3 

DBP3 C&SP5 DBP2 

DBP4 

DBP2-4 C&SP4-5 
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Systems of focus – needs beyond 
current capabilities 
•  CAMKII activation in spines (DBP2) 
▫  combinatorial complexity of CAMKII 
▫  PSD is a crowded environment 
▫  dynamic size and shape of spine heads 

•  DAT transport and signaling in 
dopaminergic neurons (DBP3) 
▫  Endocytosis and endosomal transport 

require dynamic compartmental description 
•  Mast cell signaling and endocytosis 

(Wilson, Hlavacek) (C&SP5) 
▫  Effect of dynamical membrane on signaling 

•  Transmitter release at the neuromuscular 
junction (Meriney) (C&SP4) 
▫  Synaptic vesicle fusion and crowding 
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DA DA DA DA 

D1R D1R 

Synaptic 
vesicles 

Endosome 

Post-synaptic 
potential 

Cocaine DA 
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FcHRI signaling is initiated by crosslinking two or more adjacent receptors. The crosslinking event 
activates two Src-family protein tyrosine kinases, Lyn and Fyn.  Lyn phosphorylates the E and J subunit 
ITAMs, that in turn provide sites for the binding and activation of a cytoplasmic kinase, Syk.  Multiple 
signaling molecules are phosphorylated downstream of Syk, including the scaffolding protein LAT.  
Scaffolds promote signaling by providing binding 
sites for the assembly of signaling complexes.  
Proteins recruited to signaling complexes 1) 
proteins that modify membrane phospholipids 
(isoforms of PLCJ, PI3K, PLD);  2) proteins that 
phosphorylate other proteins (PKC isoforms, BTK, 
AKT and others);  3) proteins with GTPase activity 
(Ras, Rho families) and their GAPs (Vav, Sos); 
and 4) proteins involved in signal termination, 
such as phosphatases (SHP, SHIP) and 
regulators of  endocytosis (the E3 ubiquitin ligase 
Cbl, as well as Eps15, AP2).  FcHRI signaling is 
central to the allergic response, resulting in 
release of histamine and other inflammatory 
mediators.  Allergic diseases are a critical health 
issue in developed countries.  

 

E3. Preliminary Data  
 
Signaling is accompanied by dramatic changes in 
cell shape. As illustrated in Fig. X.5.1, FcHRI 
signaling is accompanied by transformation from a 
microvillous surface to a highly lamellar one.51  
This dynamic process is accompanied by  F-actin 
reorganization, changing the extent to which 
cortical actin corrals confine receptors during 
signaling.52  Importantly, we have determined that 
specific members of the FcHRI signaling pathway 
remain mobile across the ruffled landscape (LAT-
GFP, Fig X.5.1C) while the crosslinked FcHRI 
becomes progressively trapped in the “valleys” 
(red fluorescent IgE, Fig X.5.1C or white 
nanoparticles in Fig X.5.1D).  This imposes a 
geometric constraint on the “crosstalk” between 
receptors and molecules like LAT that spend a 
significant amount of time during the signaling 
process in membrane lamellae that are remote at 
this scale.  One goal of our collaborative project is 
to test the hypothesis that these spatial 
redistributions, controlled in part by changes in 
the membrane geometry, contribute to the 
duration and strength of FcHRI signaling.  We 
hope to achieve this through applications of the 
adaptive meshing grids with moving boundaries, 
as proposed in Aim 4.1 of TR&D2.   
 

 D. FcHRI C. FcHRI 
     LAT 

Fig. X.5.1 Dramatic changes in mast cell shape after 
activation. A, B, D) Scanning electron microscopy images 
of membranes before (A) and after (B,D) antigen.  In C) 
confocal microscopy shows differential distribution of FcHRI 
(Red) and LAT (green, on ruffles) in live cells. In D) white 
dots mark the location of FcHRI in the “valleys” of activated 
cells.  

Fig. X.5.2. A) FcHRI signaling patch bordered by clathrin 
pits and Arf6* endocytic structures. B) 3D Tomographic 
reconstruction of coated pit on mast cell membrane. C-D) 
2 colors of IgE-QDs used to track FcHRI on live cell and 
observe diffusion and dimer formation (D) in real time 
(from D. Lidke).  

A 

B 

C 

D 
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other competing Ca2+-binding proteins. We have also completed a model of activation of the simpler 
enzyme, CaN, by Ca2+/CaM, which we will test against experimental measurements of dephosphorylation of 
a purified substrate by purified recombinant CaN.  

The model of monomeric CaMKII that we are validating in the first stage will be used as the basis for the 
second stage, in which we will construct a more complex model of activation of the dodecameric 
holoenzyme. The twelve catalytic subunits of the holoenzyme are arranged as a ring of six dimers (Fig VI.3). 
Structural studies45 suggest that two Ca2+/CaM complexes may act cooperatively to activate individual 
dimers. We will model, in collaboration with TR&D1, the cooperative activation of dimers within the 
holoenzyme, and create various models of intersubunit autophosphorylation. We will then choose the correct 
holoenzyme model and refine its parameters by comparing predictions of the models to results of 
experiments in which we measure rates of autophosphorylation of holoenzymes under a wide variety of 
conditions. In a third stage of model development, the Kennedy and Sejnowski laboratories will work closely 
together to introduce models of the CaMKII holoenzyme and models of CaN into an MCell model of Ca2+ 
influx through NMDA receptors into spines, constructed in the Sejnowski laboratory (see TR&D2).46 

 
Fig VI.3. Schematic view of dodecameric CaMKII holoenzyme 
structure (modified from45) The upper ring depicts the six-fold 
symmetry of the C. elegans holoenzyme, which is best thought of 
as a hexamer of dimers. One member of a dimer is depicted in 
gray and the other in black. The �-helices that mediate dimer 
formation and that connect the catalytic domains to the central 
association domains are shown as rods. The lower images show 
side views of the holoenzyme. On the left, the inactive form 
contains dimers held together at their CaM binding domains 
(striped). On the right, CaM is bound to each member of a dimer, 
resulting in its dissocation and perhaps movement of the active 
catalytic units out of the plane of the association domains, as 
predicted from a cryo-EM.47 
 

The MCell models will be designed and modified to test several mechanistic hypotheses. For example, one 
major hypothesis has been that low and slow influx of Ca2+ activates calcineurin preferentially to CaMKII; 
whereas high and rapid influx activates CaMKII preferentially. We will determine whether this hypothesis is 
consistent, in quantitative terms, with what we know about the amounts and locations of these two enzymes 
in spines, and the kinetic characteristics of the purified enzymes. It has been hypothesized that movement of 
holoenzymes of CaMKII into and out of the PSD plays a role in mechanisms of synaptic plasticity. We will 
study how concentration of CaMKII near the PSD affects its potential activation by NMDA receptors. How 
does the proportion of CaMKII activated when it is localized to the PSD compare to the proportion when it is 
evenly distributed throughout the spine? It is easy to assume that a greater proportion of CaMKII will be 
activated in the PSD than in the cytosol; but, how much greater? Could changes in localization of CaMKII 
contribute significantly to changes in ability to induce LTP in a given synapse? These questions are just a 
few of the mechanistic issues that can best, and perhaps only, be addressed by comparing experimental 
results to well constructed quantitative models. When the dynamics of these first steps in Ca2+ signaling by 
the NMDA receptor are well understood, it will be possible to move to an analysis of the dynamics of the 
next postulated steps in the pathway, phosphorylation of substrates of CaMKII and dephosphorylation of 
substrates of calcineurin. This will move us closer to addressing the larger question: How does a high, rapid 
influx of Ca2+ into the postsynaptic spine induce LTP and a “low and slow” influx induce LTD? 

D.2. Aim 2: New experimental capabilities  

We will provide new experimental capabilities that are presently lacking and that will leverage existing 
techniques. At the present time, several tissue preparations that can be used to study synaptic mechanisms 
have been well developed, including thin slices of various brain regions from mice or rats as well as primary 
neurons cultured from late embryonic or early prenatal rat or mouse brains. The electrophysiological “gold 
standard” for studying LTP and LTD has been the 200-����ȝP�WKLFN�KLSSRFDPSDO�VOLFH��FXW�LQ�VXFK�D�ZD\�
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We are synergistically combining experimental study (fluorescence 
imaging, electrophysiology) and MCell modeling to gain a better 
understanding of synaptic structure and function with a focus on 
presynaptic calcium entry and transmitter release. 
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In a recent study (Dittrich et al., 2013) we 
report an excess-calcium-binding-site 
model which correctly predicts the calcium 
binding stoichiometry and dynamics that 
underlie neurotransmitter release at the 
frog neuromuscular junction. Our model is 
the first to combine results from classical 
physiology with recent biochemical data. 

Dittrich et al. (2013) Biophys. J. 104:2751-2763 
Meriney and Dittrich (2013), J. Physiol. 591:3159-3165 
Tarr, Dittrich, and Meriney (2013), Trends in 
Neuroscience, 36:14-22  



Methodological Collaborations 
•  TR&D1 
▫  Weighted Ensemble Method 
▫  Parameter estimation and substate determination 
▫  Membrane ENMs as drivers of dynamic geometry 

•  TR&D3 
▫  Complex geometries from reconstructions using both 

fluorescence and EM data 
▫  Molecule distributions in various compartments 

•  C&SP6 (Harris) 
▫  Geometric mesh construction and refinement 

•  C&SP7 (Loew, Moraru, Brent, Andrews) 
▫  Standards for generative models of cell geometry and 

molecular distributions 
▫  October 2-3 Workshop on Spatial Modeling 
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The TR&D2 Team 
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Team Building 
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• Weekly Google Hangouts 

•  “Boot Camp” – May, 2013 



MCell Workshop – May 20-22, 2013 
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•  22 participants 
•  5 core lectures (available on YouTube) 
•  Additional presentations from  

•  Jacob Czech (CellBlender) 
•  Dipak Barua (BNG2MDL) 
•  Jose-Juan Tapia (Atomizer) 
•  Ivan Cao-Berg (CellOrganizer) 

•  Interactive lab sessions 
•  One-on-one interactions and guidance 

See http://www.mcell.org/documentation/ 



Latest developments 

•  MCell goes Open Source 

•  Version 3.2 just released 
▫  Numerous bug fixes 
▫  Windows executable 

•  Article under development for 
Encyclopedia of 
Computational Neuroscience 
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Expanding spatial modeling 

MCell/
CellBlender 
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and testing 
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Aim 1:  Re-engineer MCell as libMCell 
 
libMCell will  
•  significantly enhance our ability and flexibility to implement new functionality. 
•  provide an API for spatial stochastic simulation research 
•  be callable from native C and Python 
•  implement better support for community standards (SBML) 
•  extensive suite of validation and benchmark tests 

“Perhaps the most valuable feature to 
us will be the proposed programmable 
MCell API that will allow customization 
of core MCell features and the addition 
of our own data input/output routines.  
Indeed, we have already done this in a 
limited way by writing our own code to 
read and analyze some of the binary 
output files from MCell.”  
 
Charles Nicholson, PhD 
NYU School of Medicine 
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Aim 1: Plans for Year 2 
• Continue code refactoring and reorganization of 

MCell into a library with a well-defined API 
• Support for functional rate laws to facilitate 

model import and interoperability 
• Upcoming “Workshop on Spatiotemporally-

realistic Cell Modeling” 
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Aim 2: CellBlender 

Subaims / Workflow 
1.  Geometry Construction 
2.  Biochemistry Construction 
3.  Results Analysis and Visualization 
4.  Simulation Control 

 
Based on Blender 
•  Highly capable 3D content creation suite 
•  Highly customizable via Python and C API 
•  Open source / cross platform 
•  Well documented / highly optimized 
•  Model-View-Controller architecture 
•  Automated tutorial creation 

Environment for Model Building, Visualization and 
Analysis 
 

CellBlender 0.1 

19 

DReAMM needed to be replaced because 
of reliance on OpenDX  



CellBlender 1.0 

•  Upcoming release 
•  GUI-driven creation, simulation, and visualization of MCell models 
•  Demo by Jacob Czech 

Highlights 
•  Model creation/editing in single product file 
•  Simulation execution and visualization 
•  Plotting 
•  Import/Export of SBML for reaction networks 
•  Import of BioNetGen for rule-based networks 
•  Open source: http://cellblender.google.com   
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Aim 2: Plans for Year 2 
• CellBlender 1.0 Release 
• Application Note on CellBlender 
• Continued improvement of the simulation 

interface 

21 



Aim 3.1: Dynamic Mesh Geometries 
Goal: Extend MCell simulation 

capabilities to allow dynamic 
geometries. 

Simulation snapshots from preliminary 
MCell implementation 

 - endocytosis and trafficking (DBP3) 
 - changes in spine geometry (DBP2) 
 - vesicle fusion (C&SP4) 
 - generative models (TR&D3) 
 - immune synapses (DPB4, C&SP5) 
“We're particularly excited by the prospect of the 
development of dynamic mesh geometries and 
space filling molecules. These features will be 
very useful in our upcoming study of 
mitochondria-SR junctions, which typically 
appear much more dynamic than PM-SR ones.”  
 
Professor Cornelis van Breemen, DVM, PhD 
Nicola Familia, PhD 
U. British Columbia 
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FcHRI signaling is initiated by crosslinking two or more adjacent receptors. The crosslinking event 
activates two Src-family protein tyrosine kinases, Lyn and Fyn.  Lyn phosphorylates the E and J subunit 
ITAMs, that in turn provide sites for the binding and activation of a cytoplasmic kinase, Syk.  Multiple 
signaling molecules are phosphorylated downstream of Syk, including the scaffolding protein LAT.  
Scaffolds promote signaling by providing binding 
sites for the assembly of signaling complexes.  
Proteins recruited to signaling complexes 1) 
proteins that modify membrane phospholipids 
(isoforms of PLCJ, PI3K, PLD);  2) proteins that 
phosphorylate other proteins (PKC isoforms, BTK, 
AKT and others);  3) proteins with GTPase activity 
(Ras, Rho families) and their GAPs (Vav, Sos); 
and 4) proteins involved in signal termination, 
such as phosphatases (SHP, SHIP) and 
regulators of  endocytosis (the E3 ubiquitin ligase 
Cbl, as well as Eps15, AP2).  FcHRI signaling is 
central to the allergic response, resulting in 
release of histamine and other inflammatory 
mediators.  Allergic diseases are a critical health 
issue in developed countries.  

 

E3. Preliminary Data  
 
Signaling is accompanied by dramatic changes in 
cell shape. As illustrated in Fig. X.5.1, FcHRI 
signaling is accompanied by transformation from a 
microvillous surface to a highly lamellar one.51  
This dynamic process is accompanied by  F-actin 
reorganization, changing the extent to which 
cortical actin corrals confine receptors during 
signaling.52  Importantly, we have determined that 
specific members of the FcHRI signaling pathway 
remain mobile across the ruffled landscape (LAT-
GFP, Fig X.5.1C) while the crosslinked FcHRI 
becomes progressively trapped in the “valleys” 
(red fluorescent IgE, Fig X.5.1C or white 
nanoparticles in Fig X.5.1D).  This imposes a 
geometric constraint on the “crosstalk” between 
receptors and molecules like LAT that spend a 
significant amount of time during the signaling 
process in membrane lamellae that are remote at 
this scale.  One goal of our collaborative project is 
to test the hypothesis that these spatial 
redistributions, controlled in part by changes in 
the membrane geometry, contribute to the 
duration and strength of FcHRI signaling.  We 
hope to achieve this through applications of the 
adaptive meshing grids with moving boundaries, 
as proposed in Aim 4.1 of TR&D2.   
 

 D. FcHRI C. FcHRI 
     LAT 

Fig. X.5.1 Dramatic changes in mast cell shape after 
activation. A, B, D) Scanning electron microscopy images 
of membranes before (A) and after (B,D) antigen.  In C) 
confocal microscopy shows differential distribution of FcHRI 
(Red) and LAT (green, on ruffles) in live cells. In D) white 
dots mark the location of FcHRI in the “valleys” of activated 
cells.  

Fig. X.5.2. A) FcHRI signaling patch bordered by clathrin 
pits and Arf6* endocytic structures. B) 3D Tomographic 
reconstruction of coated pit on mast cell membrane. C-D) 
2 colors of IgE-QDs used to track FcHRI on live cell and 
observe diffusion and dimer formation (D) in real time 
(from D. Lidke).  
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Aim 3.2: Rule-based modeling of 
biochemical systems 

Network-free simulations 
overcome combinatorial 
complexity by instantiating 
molecules and using rules to 
generate events 

Rules provide a concise and 
scalable way to specify the 
biomolecules and biochemical 
interactions that give rise to large 
networks of species and reactions. 

354$species$/$3680$reac0ons$

Goldstein et al. (2004) Nat. Rev. Immunol. 

Sneddon et al. (2011) Nat. Methods 

BioNetGen is a language and 
simulation engine for rule-based 
modeling 

Faeder et al. (2009) Meth. Mol. Biol. 
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Aim 3.2: Rule-based modeling of 
biochemical systems 
Goal: Extend MCell to support rule-

based description and network-free 
spatial simulation of biochemical 
networks. 

Molecular machines in the PSD 
 
Estimated number of states of 
CAMKII-CaM complexes: 

4012 

0. BioNetGen-to-MCell model translator 
1. Extension of MCell MDL syntax and data 

structures for structured molecules and 
rules 

2. Network-free simulation within MCell 
3. Optimization 

The development of rule-based languages and rapid advances in simulation technology “are the 
harbingers of an entirely new way of representing and studying cellular networks. We predict that 
within a decade these methods will be mainstream components of quantitative biology. ”  
 
Sorger and Bachman 
Nature Methods, February, 2011. 
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Import of Rule-Based Models into MCell 

See Poster by Jose-Juan Tapia and Dipak Barua for more details 
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Example: Comprehensive FcεRI 
signaling model 

Faeder et al., J. Immunol, 2003, Vol. 7, 3769 -3781 Snapshot from simulation of the translated spatial model  



Comprehensive FcεRI signaling model: 

Solid lines - cBNG ODE simulations 
Broken lines – MCell simulations 

n  = 1e1  
(D = 4.3e-08) 

µ -  Membrane viscosity, cp  
D - Diffusivity of single receptor, 
cm2/s (Saffman-Delbrück) 
 



CaMKII Case Study 
•  Rule-based description of CaMKII activation developed 

by Kennedy Lab in collaboration with Bartol/Sejnowski 
•  State space > 4012 
•  89 lines of BNGL vs. 238 in MDL (with extension) 
•  MCell and NFsim give identical results 
•  BNGL version requires less mental bookkeeping 
•  We will integrate BNGL description of molecules and 

rules into MDL and internal MCell data structures 
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Atomizer can recover of implicit structure of 
network components 

J. J. Tapia and J. R. Faeder. Proceedings ACM Conference on Bioinformatics, Computational 
Biology and Biomedicine (ACM-BCB), September 2013. 



Atomizer can recover implicit structure of 
network components 

Atomizer 

BioModels SBML Rule-Based Model (BNGL) 

Schoeberl et al. (2002) 



Aim 3.3: Space-filling Molecules 
Goal: Account for spatial effects 

arising from volume exclusion on 
diffusion and reaction 
thermodynamics in subcellular 
simulations. 

Preliminary results for diffusion of space-filling 
molecules in MCell using the Bullet library for 
collision detection. f=0.24 for lower simulation 
is typical of cytoplasm. 

“In particular, we are very excited about two features, dynamic 
mesh geometries and space-filling molecules. These new features 
would all us to test our recently developed hypothesis on fluidity of 
brain structure under physiological and pathological conditions 
and on a transport of macromolecule- and particle-based drug 
carriers.”  
 
Sabina Hrabetova, MD, PhD 
SUNY Downstate 
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Escherichia coli as illustrated 
by David Goodsell.  



Aim 3.4: Parallelization  

•  SMP (multi-core) version of MCell3 
•  Parallel asynchronous execution for distributed memory machines. 
 
Other HPC capabilities 
•  Simulation control for running simultaneous trajectories – parameter 

sampling, distributions (Aim 2.4) 
•  Super-linear computation through Weighted Ensemble (TR&D1) 

“… the ability to parallelize simulations would allow 
many, many extensions that would be otherwise 
difficult or impossible to implement.”  
Cian O’Donnell, PhD 
University of Edinburgh 

“The simulations I am currently running require 
several weeks of execution time on the 
supercomputer on my campus. A parallel 
processing option would save me a lot of time 
and allow me to simulate scenarios that are too 
time-consuming to consider at present.” 
James P. Dilger, PhD 
Stony Brook U. School of Medicine 

Goal: Integrate parallel simulation capabilities. 
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Aim 3: Plans for Year 2 
•  3.1: Moving boundaries 
▫  Pick up on preliminary work in proposal 
•  3.2: Rule-based extension 
▫  Implement graph representations of species 
▫  Implement new event types for rules 
•  3.3: Space-filling molecules 
▫  Build on previous work with Bullet library 
•  3.4: Parallelization 
▫  Coarse-grained parallelization options in CellBlender 
▫  Interface to WESTPA (Weighted Ensemble code) 
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Summary 
•  Aim 1. libMCell – Extensible software framework 
▫  Foundation for development and validation of new simulation 

methods to support DBP’s and collaborations 
▫  Facilitate usability and extensibility by user community via API 

•  Aim 2. CellBlender – Model building, visualization 
and analysis 
▫  Build, debug and analyze models with high spatial and biochemical 

complexity 
▫  Facilitate communication with collaborators and broader science 

community 
•  Aim 3. Advanced simulation capabilities 

1.  Dynamic geometry 
2.  Rule-based biochemistry 
3.  Molecular crowding   
4.  Parallelization 

DBP3 C&SP5 DBP2 

TRD1 

TRD3 

DBP3 C&SP5 DBP2 

DBP4 

DBP2-4 C&SP4-5 
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