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Abstract

Detailed network modeling integrating knowledge from di/erent biological levels of descrip-
tion is important for understanding brain function. To facilitate modeling based on collated
experimental connectivity data, we implemented tools in the GENESIS simulation environment
for automatic generation, visualization and modi6cation of network models with units represent-
ing cells, layers or cortical areas. As a further integrative step, representations from di/erent
modeling approaches, multicompartmental cells and integrate-and-6re units, could be interfaced
in the same model. Development of standardized model description languages would facilitate
future integrative e/orts, allowing easy combination of desired models and tools from di/erent
simulators in one modeling study. c© 2002 Elsevier Science B.V. All rights reserved.
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1. Integrated multilevel modeling

To understand the operating principles of the brain, as well as the implementa-
tion of these principles in speci6c tasks, not only a detailed modeling of the isolated
components on each level, but also an integration of knowledge across several lev-
els of description will be necessary. Earlier modeling studies have already initiated
this cross-level exploration, and the development of a Eexible framework for inte-
grating models of processes on synaptic, cellular, population, area and system levels
would facilitate further investigations. It would be useful to utilize existing model-
ing environments that already provide components in the domain of single cell and
local network modeling. A particular challenge is the integration of conceptually dif-
ferent types of models as well as di/erent mathematical approaches to the descrip-
tion of the involved phenomena. Thus, the necessary multilevel integration is not
only across biological levels of description, but also across conceptual approaches to
modeling.

2. An implementation in the GENESIS simulator

We chose to create a set of tools for multilevel simulation in the GENESIS simu-
lation system, to take advantage of the already existing objects for representing com-
ponents of biophysically realistic models. In case of missing tools and objects, the
pseudoobject-oriented C-code of GENESIS is extensible by the user, who can write
and compile new objects and routines for adding to the ones contained in the oGcial
distributions. Finally, GENESIS o/ers a large set of graphic tools for the construction
of user-oriented workbenches.
A set of modeling scripts was devised to automatically generate a network model

from entries in a connectivity matrix exported from the CoCoMac database of primate
cortical connectivity (www.cocomac.org). By default, an entry was represented by a
modi6ed leaky integrate-and-6re unit (MLIF), modeled as a unitary compartment with
an excitatory input synapse and an inhibitory autapse. The autapse emulated the reset-
ting of the membrane potential after 6ring and inhibitory input from units not explicitly
modeled. Both synapses were modeled as standard active conductances using dual ex-
ponential functions. When the 6ring threshold was crossed, a spike was generated by
a spike generator object and fed directly to the autapse. As a worked example, we
here present a multilevel network representation of the cortical areas involved in the
processing of visual input from the retina (Fig. 1).
For cortical areas with detailed data available on laminar distribution of connectivity,

one MLIF for each of the granular, supra- and infragranular layers was implemented.
Interlaminar connectivity was made in an all-to-all excitatory fashion following the
scheme of [2]. Areas PG and PEp were represented using only a single MLIF, while
V1 was represented using a GENESIS implementation of the Douglas and Martin
canonical microcircuit [1,3]. Output from a model representing a magnocellular neu-
ron from the LGN (based on the fast spiking neuron in the canonical microcircuit)

http://www.cocomac.org
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Fig. 1. Wiring diagram for the simulated visual network. LGN and V1 are implemented using multicom-
partmental models with active conductances. For details see [7].

was tuned to closely resemble experimentally obtained values [8], and propagation of
activity through the network was simulated. As each unit (MLIF or compartmental
model) is taken as the representation of an entire population, layer or area, e/ects
stemming from heterogeneous population responses are ignored. This could, however,
easily be remedied by using existing GENESIS functions for generating and connecting
populations instead of single units.
The compartmental representations in the connectivity matrix were designated in

the user constants.g 6le as “special” and excluded from the procedure automatically
generating a MLIF unit per entry, but participated again in the procedures establishing
connections based on the strengths given in the connectivity matrix. Due to the inherent
limitations of the i=o routines in GENESIS, the content of the connectivity matrix had
to be broken down (using a PERL script) into 6les containing the postsynaptic targets
with connection strengths for each unit. As all units generated output using a spike
generator object and received input through active synaptic conductances, the technical
integration of di/erent conceptual models was straightforward.
A graphical user interface (GUI) was designed for easy visualization and manip-

ulation of the simulations. In a primary window (Fig. 2A), color-coded activity in
individual units could be displayed on a user-de6ned background image (here a
“Eatmap” of the cortex [4]) for a complete and topographical representation of
activity spread throughout the simulated network. A detailed display of membrane
potential, synaptic conductances and spike-output could be invoked in a
separate window, allowing for detailed investigation of local interactions in individual
units.
Through the GUI the simulation parameters could be modi6ed online (Fig. 2B), thus

allowing for an easier tuning of model behavior. Parameters governing synapses and
spiking in MLIF units could be modi6ed globally or set for individual units, and extra
input to the network in the form of current injections could be added for one or more
units at a time.



866 J.D. -Johnsen et al. / Neurocomputing 44–46 (2002) 863–868

Fig. 2. The graphical user interface (GUI). (A) The master control panel as well as the representations of
activity in the entire network and detailed interactions in single units. (B) These panels allow the user to
adjust simulation parameters globally or for individual units.

3. Discussion

The implementation of the present tools for generating and simulating hybrid net-
work models in GENESIS allowed us to build a multilevel network model of the
visual system from which the output is in good agreement with earlier results from
more complicated modeling e/orts as well as experimental data [7]. The implementa-
tion in GENESIS does, however, pose some limitations: with the current objects and
their methods of communication, it is not possible to include graded response units in
the network, although these would be relevant as they can be thought of as represent-
ing the average output from a population of neurons [6]. Additionally, the use of one
common time step-size for all interacting objects in the simulation decreases eGciency
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Table 1
Advantages and disadvantages of di/erent simulation environments in the context of integrated multilevel
network modeling

Simulator Pros Cons

Nest Inherently object-oriented (C++) Limited to point process
(www.synod.uni-freiburg.de) and extensible. Version control. neurons. No. visualization
XNBC (ver.8.21) Graphical tools for tuning of single tools.
(www.b3e.jussieu.fr/xnbc/) units, creating and connecting No support for multi-

populations and networks. Advanced compartmental neurons
visualization and analysis
tools. Simulation of neuromodulatory
e/ects. Can use experimentally
recorded spike trains for input

NEOSIM Object-oriented, NeuroML compatible, Today only a small
(www.neosim.org) plugs in units from NEURON number of models are

and Catacomb. Parallel processor implemented
simulations supported

by increasing simulation time when compartmental representations are included. The
step-size must be smaller than the smallest characteristic time in the model, here dic-
tated by active action potential generation, which is much faster than the fastest events
in the MLIF units.
An important consideration when designing a model to investigate a particular phe-

nomenon, is the amount of detail to include. In our examinations of response latencies
using the described network model, there was no signi6cant di/erence between simula-
tions where V1 was represented by the canonical microcircuit and other where 3 MLIF
units were used [unpublished observations]. This indicates that integrate-and-6re units
are suGcient when only the timing of the 6rst spike counts. However if one wishes
to implement a model useful for a wider range of investigations where the structure
of the entire response is relevant, the more detailed representation is likely to have an
impact on the results.
Several other simulation environments for network modeling exist and are being

developed—here we list some features of these relevant for the type of integrated
network modeling suggested:
As can be seen from Table 1, these other environments have some advantages, but

as GENESIS they all su/er from some shortcomings if applied to integrated multilevel
network modeling. Ideally, a simulation environment would provide the user with the
opportunity to integrate all conceptually di/erent representations (stochastical point
processes, 6ring rate units, I&F units and multicompartmental models) in one network,
with adequate interfacing between the di/erent units. In principle GENESIS, SYNOD
and NEOSIM let the user program new objects, but this is time-consuming and not
necessarily straightforward.
One promising project that would facilitate the integration of many conceptually

di/erent types of models, as well as the use of detailed archived data and advanced tools
from di/erent sources, is the development of the XML-based neuroscienti6c markup

http://www.synod.uni-freiburg.de
http://www.b3e.jussieu.fr/xnbc/
http://www.neosim.org
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language NeuroML [5]. NeuroML suggests a common syntax and systematic ontology
for describing entities used in neuronal modeling. Currently several existing simulation
environments are being adapted to read=write descriptions in NeuroML. Adopting such
a standardized declarative and object-oriented approach to describing tools, models and
other components would greatly enhance the exchange of simulation and components
between di/erent simulation environments, and facilitate future modeling of integrated
network models.
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