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iological structures show tremendous complexity and diversity at the
subcellular level. For example, a single cubic millimeter of the cerebral
cortex may contain on the order of five billion interdigitated synapses of
different shapes and sizes.! Subcellular communication is based on a
wide variety of chemical signaling pathways, and for synaptic transmis-
sion these include neurotransmitter and neuromodulator molecules,
proteins involved with exo- and endocytosis, receptor proteins, trans-
port proteins, and oxidative and hydrolytic enzymes. Synaptic crosstalk
may result when ligand molecules released from one synapse diffuse to
another (Clements, 1996; Barbour and Hausser, 1997; Rusakov and
Kullmann, 1998; Rusakov et al., 1999), so the range over which ligands
can act likely extends from nanometers to microns. In addition, chemical
and structural plasticity at synapses undoubtedly contributes to infor-
mation storage and processing, and it is widely discussed in relation to
high-level cognitive functions such as learning and memory (Edwards,
1995a,b; see Grimwood et al., this volume).

Theoretical studies of ligand diffusion and chemical reaction have
been used to investigate synaptic structure-function relationships since
the late 1950s (Eccles and Jaeger, 1958), but until recently computer
hardware and software limitations have precluded highly realistic three-
dimensional (3-D) simulations of reconstructed synapses. As a result the
contribution of actual ultrastructure to synaptic current variability (or
other signaling phenomena) has gone largely unexplored, and quanti-
tative modeling of synaptic physiology has been severely hampered.
Computer hardware limitations have now been significantly overcome
by massively parallel systems and, on a smaller scale, by affordable multi-
processor workstations with large amounts of memory and fast graphics-
handling capabilities. The major remaining bottleneck is the development
of programs that not only provide the requisite simulation capabilities
but also interface smoothly with interactive 3-D reconstruction and ani-
mation programs. We describe here a program that opens up the study
of synapses with realistic geometries at the subcellular level.

Our simulation program, MCell,? is based on Monte Carlo (MC) al-
gorithms and incorporates highly realistic 3-D reconstructions into mod-
els of ligand diffusion (e.g., neurotransmitter exocytosis) and signaling
(e.g., synaptic currents). As shown in Fig. 15.1, MCell simulations are po-
sitioned at a biological scale above molecular dynamics but below whole-
cell and network modeling studies. Its structural realism lies between
the space-filled atomic resolution of molecular dynamics (e.g., AMBER
or CHARMM simulations; Cornell et al., 1995; MacKerell et al., 1998) and
that of less structure-dependent approaches, such as proteomics (e.g.,
E-CELL simulations; Tomita et al., 1999) and compartmental models of
“Hodgkin-Huxley -style neurons (e.g., NEURON or GENESIS simula-
tions; Hines, 1993; Bower and Beeman, 1995). In a compartmental model,
the complex geometry of an individual cell is subdivided into approx-
imately isopotential parts, each of which becomes a resistive-capacitive
element in a branched electrical circuit representation. The actual 3-D
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Figure 15.1. Physical scales versus structural realism in computational neuro-
science models. MCell simulations encompass diffusion and chemical reaction of
molecules in 3-D reconstructions and hence are situated between compartmental
models of single- or multiple-neuron excitation and molecular dynamics models
of single-molecule structure.

configuration of the neuron(s) and surrounding tissue volume is not
explicitly considered, nor is the molecular nature of various conductances
and currents that can be incorporated into different compartments.
MCell and these other modeling approaches are mostly complementary,
and integration of the various approaches is an important direction for
future research.

In MCell simulations, the diffusion of individual ligand molecules
within a reconstructed 3-D environment is simulated using a Brownian
dynamics random walk algorithm, and bulk solution rate constants are
converted into MC probabilities so that the diffusing ligands can inter-
act stochastically with individual binding sites, such as receptor proteins,
enzymes, and transporters. Such methods can be applied to many ques-
tions related to synaptic transmission, such as:

1. How does the architecture of the synaptic cleft affect quantal and
multiquantal current amplitudes and time courses at central and pe-
ripheral synapses?

2. How do the kinetics and precise localization of transmitter release,
receptors, and reuptake sites influence current variability and cross-
talk between synapses?

3. How might intra- and extracellular ion fluxes from repeated synaptic
activation in realistic synaptic architectures, together with discrete
transmembrane conductances and pumps, influence particular re-
gions of neuropil?





