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Abstract

A scalable network model intended for study of neocortical epileptiform activity was built on
the pGENESIS neural simulator. The model included superficial and deep pyramidal cells plus
four types of inhibitory neurons. An electroencephalogram (EEG) simulator was attached to the
model to validate model behavior and to determine the contributions of inhibitory and excitatory
neuronal populations to the EEG signal. We examined effects of overall excitation and inhibition
on activity patterns in the network, and found that the network-bursting patterns occur within
a narrow range of the excitation—inhibition space. Further, we evaluated synchronization effects
produced by gap junctions during synchronous and asynchronous states.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The electroencephalogram (EEG) recorded from the scalp during epileptic seizures
frequently shows abnormal bursting activity over large cortical areas. Because the EEG
signal is a weighted sum of electrical currents originating from hundreds of thousands
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of cells, this type of measurement does not reveal much detail about the underlying ac-
tivity. Experimental studies in animal models, and in slices from resected tissue from
epilepsy patients, have demonstrated the nature of paroxysmal cellular behavior and
network activity at a small scale (e.g. [2,6,17,18,22]). Modeling studies of bursting be-
havior have typically focused on intrinsic membrane properties, small neural networks,
or larger networks with reduced complexity at the cellular level (e.g. [5,7,10,12,14,20]).

Our objective was to create a scalable network of neocortex (1-10° model neurons)
with a high level of detail in both intrinsic properties and network function. This
approach not only allows the study of underlying processes of pathological behavior in
the brain, but can also provide a unique opportunity to understand the interrelationship
of this type of behavior at different scales. The cells intrinsic properties and the network
parameters of the model can be both examined for their role in evoking and sustaining
seizure-like bursting. Our emphasis on neocortical circuitry is motivated by the fact that
the epileptic foci in children are frequently found in neocortex. The results obtained
with an earlier version of our model were reported previously [21].

2. Model

The neocortex is organized in six horizontal layers and shows vertical organization
into modules, or (micro-)columns [15,16,19]. The canonical circuit for neocortex, first
proposed by Douglas and Martin [9], was extended with additional inhibitory cell
types for our model (Fig. 1). The major neural component of neocortex consists of
two types of pyramidal cells: the superficial neurons in layers 2-3 (S_, Fig. 1) and deep
cells in layers 5-6 (D_, Fig. 1). Similarly, inhibitory units in neocortex are commonly

(A) (B)

Fig. 1. Overview of cell types and connectivity. (A) Excitatory contacts including gap junctions depicted as
a resistor between inhibitory cells (I); S- and D_ symbolize the superficial and deep pyramidal cells. (B)
Inhibitory synapses; inhibitory neurons are symbolized by B and C (basket and chandelier cells, respectively).
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subdivided into different subtypes [9,16]. Basket cells (B, Fig. 1) inhibit the pyramidal
cells soma, receive inputs from pyramidal cells, and connect with other interneurons
[16,23]. Furthermore, Krimer and Goldman-Rakic [13] identified 3 types of basket cells,
which were classified on the basis of the range of the axon arbor. Chandelier cells (C,
Fig. 1) also inhibit the initial segment of the pyramidal cell and receive inputs from
the pyramidal cells [9,13]. Other types of inhibitory neurons were not included in
the current model. Individual cells were modeled as multi-compartment units with
Hodgkin and Huxley type Na® and K* channels [11], with the length and diameter
of the cylindrical compartments adjusted to obtain similar intrinsic firing properties as
the reduced and full models reported in [4].

In order to create a realistic cell density, the spacing between pyramidal cells was
set to 5 um. The spacing of the four types of inhibitory neurons was set to 3 times
the spacing of the pyramidal cells. For a patch of 1 x 1 mm, the number of S_ and
D_PYR cells is 2 x 200 x 200 =280, 000 and for the four types of inhibitory cells equals
4 x 66.6 X 66.6 =17,778; this brings the ratio of pyramids/inhibitors to 475 and the cell
density to ~ 105/mm2 of cortex. This cell density is in agreement with [6,8,15,16],
where estimate ranged from 0.5 x 10° to 2 x 10°/mm? with ~ 80% excitatory neurons.
The average depth of the superficial pyramidal cells, the inhibitory neurons, and deep
pyramidal cells was chosen to be 350, 900, and 1450 pm, respectively.

The excitatory and inhibitory connections in the micro-circuitry are depicted in
Fig. 1. The pyramidal units (S_ and D_, Fig. 1A) have reciprocal excitatory circuitry.
The inhibitory units (I, Fig. 1A) represent both basket and chandelier cell types (B and
C, Fig. 1B). The connections were implemented with the rvolumeconnect command
in pGENESIS [3]. This command allows one to specify which source cells connect
to which target cells and at what connection probability. Associated commands, rvol-
umeweight and rvolumedelay determine the strength of the synaptic contacts and the
conduction delays between source and destination cells. At a density of 10°cells/mm? of
neocortex, and assuming that every cell connects to every other, we would obtain (103)?
—10° =~ 10'" contacts/mm?. Taking the total number of synapses in the neocortex to be
3x10' [16], and with a total cortical surface area estimated at 2.5 x 10° mm?, results in
~1 x 10° synapses/mm? of cortex. Given a potential of 10'" contacts, this translates
into an overall connection probability of ~ 10%. Consequently, this probability was
used for the connection between pyramidal cells in the model.

According to Krimer and Goldman-Rakic [13], the probability of the connection
from pyramidal units in layer 3 to basket cells is ~ 25% in 100 um. We use this
figure for all connections between pyramidal cells and all types of inhibitory neurons.
A chandelier cell contacts 300 pyramidal cells in a 0.2—0.4 mm range [9]. Using the
average (0.3 mm), containing 2 x 3600 pyramidal cells in our model, we obtain a
probability p = 7320000 ~ 4%. Similarly, these authors estimate that each basket cell
contacts 300 local pyramidal cells. Taking the wide arbor cells (WAC) with a dendritic
span of 0.9 mm this equates to a probability of 300/(2 x32,400) ~ 0.5%. Similarly, the
probability for medium arbor cells (MAC) with a 0.6 mm area is 300/(2 x 14,400) ~
1%, and for local arbor cells (LAC) with a 0.3 mm extent is 300/(2 x 3600) = 4%.

Nieuwenhuys [16] describes large basket cells contacting up to 300 pyramidal cells
and 50 other basket cells in their area (a ratio of % ~ 17%). This ratio is in reasonable
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agreement with [23] stating that 14% of small basket cell contacts are with interneurons.
The 300 um dendritic range of the LAC would be expected to contain 3 x20x20=1200
basket cells, which equates to a probability of % ~ 4%. The 600 pm arbors of MAC
produces a probability of 50/(3 x 40 x 40) ~ 1.5%, and for the 900 um span of WAC,
50/(3 x 60 x 60) == 0.7%.

Recent work shows that neocortical inhibitory neurons are often interconnected
through gap junctions [1], and that the connections appear to occur between neighboring
cells of the same type. Consequently, this feature was also implemented in the model
(Fig. 1A) with a connection probability of 80%.

3. Results

The effects of strength of excitation (connections in Fig. 1A) and inhibition (connec-
tions in Fig. 1B) on spontaneous activity and bursting in a 1000-cell neural network
are shown in Fig. 2. Each panel in Fig. 2 shows the superimposed activity of the
S_PYR cell group during and after current is injected in one of the cells. This current
injection (during the initial 50 ms) is necessary to start activity in the model. At low
levels of excitation the model becomes quiet after stimulus offset, while high levels of
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Fig. 2. Effect of overall levels of excitation and inhibition in a model with 1000 neurons. Details are explained
in the text.



W. van Drongelen et al. | Neurocomputing 5860 (2004) 1203—1209 1207

S PYRAMIDAL

BASKET1
AN B RO R R R RK M
BASKET2
AR ACA A NN BNV N K S R BB O R
BASKET3
AAANAAARRAAARARNAARARARRAARAR
CHANDELIER
AN AA- KR AR AR A RR N AN R R RN S
Excitatory EEG

AP T

Inhibitory EEG

Fig. 3. A 300 ms epoch of activity in a small 160-cell network. Activities of both pyramidal cell types are
superimposed in the two upper traces. The next four traces are superimposed activities of inhibitory cell
types; note the relatively strong synchrony. The two lower traces are the contributions of the excitatory and
inhibitory populations to the EEG signal. In this example Rgap =3 X 108 Q.

excitation (> 10) produce severe signs of saturation in the cellular activities. In spite
of the absence of intrinsic bursting properties in the model neurons, there is a clear
area in this parameter space where the network continues to burst spontaneously after
stimulus offset (gray rectangle, Fig. 2). The area around the bursting pattern in Fig. 2,
is the most dynamic region in the excitation—inhibition space. In this area, the patterns
can transition from inactivity to a bursty or continuous type of spontaneous activity.
A similar area of network bursting was found at different sizes of the model (tested
scales range between 0.64 x 10° and 10 x 10° cells).

Effects of the gap junctions between the inhibitory cells of the same cell type were
evaluated by varying Rg, (Fig. 1A). During ongoing sustained activity, strong syn-
chronization effects in the smallest cells (chandelier cells and small basket cells) can
be observed at Rgyp =3 x 10° Q (Fig. 3). The larger basket cells synchronize further at
a level of 3 x 107 Q. When all cell types in the model were in bursting mode (instead
of tonically active), there was no observable difference between presence and absence
of gap junctions.

The two lower traces in Fig. 3 show the contributions of the excitatory cells and
the inhibitory populations to the field potentiallEEG measured at the cortical surface.
It can be seen that in spite of the asynchronous activity in the excitatory population
and the relatively strong synchrony in the inhibitory cells, the contribution of the latter
cell type to the EEG is relatively small.



1208 W. van Drongelen et al. | Neurocomputing 5860 (2004) 1203—1209
4. Discussion

We have demonstrated that a model of neocortex with non-intrinsically bursting
elements can generate a rich variety of activity patterns, including network bursting.
It is significant that there seems to be a restricted space for network bursting that is
accessible from different sides in the excitation—inhibition space (Fig. 2). Epilepsy is
often considered as a hyper-excitatory state or a state with a lack of inhibition. Our
data show that a hypothesis of an excitation—inhibition balance is too simple to explain
a change of pattern into a bursting mode. Indeed in some instances, the model can be
brought into the bursting mode by increasing excitation or by decreasing inhibition.
However depending on the initial position in the excitation—inhibition space, other
scenarios are clearly possible.

Our data also support the suggestion that the gap junctions may have a critical
effect in synchronizing the inhibitory neuronal population [1] (Fig. 3). Without gap
junctions, the synchrony in the inhibitory cell types, as shown in Fig. 3, is absent.
However, the synchronizing effect is state dependent: i.e. during a network bursting
mode as shown in Fig. 2, the effects of the gap junctions are not significant since the
input to the inhibitory cells is already grouped in synchronized bursts. This finding
indicates that gap junction dysfunction may play a role in the transition to a pathologic
bursting state. However, during an ongoing seizure-like bursting state modulation of
the resistance between the electrical couplings may not have an effect.
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