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Abstract

Neuronal network topologies and connectivity patterns were explored in control and glutamate-injured hippocampal neuronal
networks, cultured on planar multielectrode arrays. Spontaneous activity was characterized by brief episodes of synchronous firing at
many sites in the array (network bursts). During such assembly activity, maximum numbers of neurons are known to interact in the
network. After brief glutamate exposure followed by recovery, neuronal networks became hypersynchronous and fired network bursts
at higher frequency. Connectivity maps were constructed to understand how neurons communicate during a network burst. These
maps were obtained by analysing the spike trains using cross-covariance analysis and graph theory methods. Analysis of degree
distribution, which is a measure of direct connections between electrodes in a neuronal network, showed exponential and Gaussian
distributions in control and glutamate-injured networks, respectively. Although both the networks showed random features, small-
world properties in these networks were different. These results suggest that functional two-dimensional neuronal networks in vitro
are not scale-free. After brief exposure to glutamate, normal hippocampal neuronal networks became hyperexcitable and fired a
larger number of network bursts with altered network topology. The small-world network property was lost and this was accompanied
by a change from an exponential to a Gaussian network.

Introduction

Epilepsy is a common neurological disorder associated with seizures
that arise from a collection of neurons that show abnormal and
hypersynchronous excitability (Steriade, 2003). While some forms
of epilepsy are inherited, a considerable number of epilepsy cases
have a known cause and are referred to as ‘acquired epilepsy’,
stroke being one of them. A local lesion due to ischemic stroke
leads to increased concentrations of extracellular glutamate (Zhang
et al., 1995), which causes neuronal injury. In a novel in vitro
system developed by De Lorenzo’s laboratory (Sun et al., 2001,
2002), cultured hippocampal neurons in culture, when briefly
exposed to glutamate, suffered a neuronal injury similar to that
caused by stroke with abnormal epileptiform-type recurrent neuronal
discharges in networks of surviving neurons (Sun et al., 2001,
2002). While changes in membrane ion permeability have been
implicated (Sun et al., 2004), changes in the functional organization
of the network properties are equally relevant in the generation of
hypersynchronous activity, in this in vitro model as well as other
experimental models of epilepsy. In the present study, we have
explored the changes in the neuronal network properties during
epileptiform activity in vitro in planar two-dimensional neuronal
networks cultured on a multielectrode array, using the in vitro model
of stroke-induced epilepsy. The electrical activity of developing
neurons in the network can be recorded as spontaneous extracellular

field potentials by the electrodes in the multielectrode array
(Chiappalone et al., 2005; Van Pelt et al., 2005; Evtan & Marom,
2006; Wagenaar et al., 2006). The spontaneous activity is charac-
terized by random firing of action potentials during the first week of
development. Synchronous spontaneous activity, which represents
whole-network activity (network bursts), is observed only after
14–15 days in vitro (DIV). The frequency of such network bursts
increases as the network grows older (Chiappalone et al., 2005; Van
Pelt et al., 2005). In order to investigate the effect of glutamate
injury on developing neuronal networks, hippocampal cultures were
exposed to glutamate at 11 DIV and allowed to recover for 4 days.
Electrical activity was measured from both control and glutamate-
injured networks at 15 DIV. This protocol allowed us to monitor
and compare changes in network burst dynamics of glutamate-
injured and control networks. Such comparisons may be difficult
with older cultures due to the high frequency of network bursts in
control cultures themselves (Chiappalone et al., 2005; Van Pelt
et al., 2005). The global properties of the neuronal network can be
studied by modelling them as graphs, whose vertices (electrodes)
represent the dynamic units and the links represent the interactions
between them. Analysis of the complex network suggests that the
topology of the network architecture is dynamic and changes during
the occurrence of each network burst. In the glutamate-injury model
of epileptogenesis (stroke-induced epilepsy), neuronal networks
were characterized by a significant increase in the connectivity
between the dynamic units accompanied by a breakdown of the
small-world property of the network, signified by a decrease in
clustering coefficient.

Correspondence: Professor Sujit Kumar Sikdar, as above.
E-mail: sks@mbu.iisc.ernet.in

Received 1 Decemer 2006, revised 12 February 2007, accepted 22 March 2007

European Journal of Neuroscience, Vol. 25, pp. 3276–3286, 2007 doi:10.1111/j.1460-9568.2007.05559.x

ª The Authors (2007). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd



Materials and methods

Animals

The ethical committee of Indian Institute of Science, Bangalore,
approved the animal experiments described in this study. All efforts
were made to reduce the number of animals used.

Neuronal cell culture on multielectrode array

The hippocampal neurons were prepared from Wistar rats (killed by
decapitation) on postnatal day 2 and cultured using the following
method. The hippocampi of rat pups were dissociated by treatment
with 20 units ⁄ mL of papain in phosphate-buffered saline supplemen-
ted with 10 mm glucose at 37 �C for 30 min, and then plated onto
poly d-lysine-coated glass cover slips or on a MED probe (Alpha
MED Sciences, Japan), which has 64 planar microelectrodes. A small
drop (20 lL) of culture medium with cells, at a density of 3.0 · 103

cells ⁄ mm3 (dense culture), was placed at the centre of the array
covering all 64 electrodes. The dissociated neurons were cultured for
15 days at 37 �C in 5% CO2)95% air at saturating humidity. Half of
the culture medium was renewed every 3 days. The medium consisted
of Neurobasal-A medium (Invitrogen, USA) supplemented with B-27
nutrients (Invitrogen, USA), 0.5 mm glutamine, 100 U ⁄ mL penicillin
and 100 lg ⁄ mL streptomycin. Biochemicals were obtained from
Sigma (USA) unless otherwise specified.

Glutamate injury protocol

At 11 DIV, culture medium was replaced with a physiological
recording solution (in mm: NaCl, 145; KCl, 2.5; HEPES, 10; glucose,
10; CaCl2, 2; and MgCl2, 1; with glycine, 2 lm; pH 7.3) in control
cultures, and epileptogenic glutamate injury was induced by exposing
neuronal cultures to the same recording solution supplemented with
20 lm glutamate for 10 min. Both the cultures were allowed to recover
for 4 days. This treatment produced neuronal injury, as previously
described (Sun et al., 2002). All exposures were performed at 37 �C in
a 5% CO2)95% air atmosphere and terminated by three washes with
recording solution and the addition of fresh neuronal feed.

Electrophysiology

Intracellular patch-clamp recordings

Whole-cell current-clamp recordings were performed on pyramidal
neurons in both conditions at 15 DIV by using methods described by
Sun et al. (2001, 2002). In brief, cell-culture medium was replaced
with the recording solution described above and recordings were
obtained in the whole-cell current-clamp configuration by using an
EPC8 amplifier (Heka, Germany). Patch microelectrodes of 3–7 MW
resistance were filled with an internal solution of (in mm) K+

gluconate, 140; MgCl2, 1; HEPES, 10; ethylene glycol-bis
(b-aminoethyl ether)-N, N, N¢, N¢-tetraacetic acid (EGTA), 1.1; Na2
adenosine triphosphate (Na2 ATP), 4; Tris–phosphocreatine, 15;
pH 7.2; osmolarity 310 mOsm. Data were digitized and stored on
the hard disk of a computer for further analysis. Spontaneous recurrent
epileptic discharges (SREDs) were defined as bursts of spike firing at a
frequency of ‡ 3 Hz for durations of ‡ 20 s. Neurons were categorized
as ‘epileptic’ on manifestation of two or more SREDs; otherwise,
neurons were categorized as ‘nonepileptic.’ Neurons were monitored
for a recording period of ‡ 10 min for the expression of SREDs. All
the experiments were carried out at room temperature (25 �C).

Extracellular spike recording using the multielectrode array

The spontaneous activity was recorded on the 15th day after the start
of the culture. Experiments (n ¼ 4 in each condition) were
performed on cultured hippocampal neuronal networks from same
batch (sister cultures) in both conditions (control and glutamate-
injured). The standard external bathing solution contained (in mm)
NaCl, 150; KCl, 3; CaCl2, 2; MgCl2, 1; glucose, 10; and HEPES, 10
(pH 7.3). The extracellular spontaneous activity was recorded with
the MED64 system (Alpha MED Sciences, Japan) at a 20-kHz
sampling rate. The array consisted of 64 planar electrodes, made up
of indium–tin oxide and platinum black, each with a size of
50 · 50 lm, arranged in an 8 · 8 pattern with interpolar distances of
150 lm (MED-P5155). All the experiments were carried out at room
temperature (25 �C).

Filtering raw signals and spike detection procedures

The electrophysiological signals from the electrodes in the multielec-
trode array were acquired using commercially available software
(Conductor software; Alpha MED Sciences, Japan). Each channel was
sampled at a frequency of 20 kHz. The raw signals were converted to
comma-separated value (CSV) file format; MATLAB was used for
further analysis. Low-frequency baseline shifts in the raw signals were
removed using a digital high-pass filter (25 Hz). The threshold (± 8–
10 lV) was calculated as multiples of the standard deviation (5 SD) of
the signal noise and represented as dashed lines both above and below
the signal trace (Fig. 3). Amplitudes exceeding the threshold were
regarded as spikes and their time stamps from all 64 channels were
saved as a sparse matrix. In this study, no attempt was made to
discriminate and sort spikes collected from the channels.

Network burst detection: time alignment

Network bursts gives information about the extent to which a
neuronal network fires in synchrony and the number of active sites in
the network. For network burst detection in our multielectrode
recordings, we used the algorithm as reported (Chiappalone et al.,
2005; Van Pelt et al., 2005), which automatically detects the network
bursts from spike trains. The detection is based on the property that,
during a network burst, both the number of active sites and the firing
rates recorded at the active sites are increased, indicated by a peak in
the product of number of active sites and total spike count when
evaluated in short time bins. A time bin of 25 ms was chosen in our
case, and the multielectrode spike trains were scanned for this
product function. An arbitrarily chosen threshold value of 9 (for no.
of spikes per time bin · no. of active channels) was well able to
distinguish network bursts from the low-level firing periods in
between (Fig. 4a and b). Following the detection of a network burst
the maximal product bin was searched for among the adjacent bins,
while the centre time of a burst was calculated as the centre-of-mass
time point for the product distribution evaluated within a window of
5 bins left and right of the centre bin. This centre time point is
indicated by a mark (fl) on the top of the network burst profile
(Fig. 4c).

Cross-covariance method of edge determination

Connectivity between the channels during network bursts was inferred
based on the spike timings during the network bursts, where we sought
to determine which electrodes were driving the other electrodes. The
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true cross-covariance sequence (/x,y (l)) is the cross-correlation of
mean-removed sequences, i.e.,

/x;yðlÞ ¼ Efðxnþm � l xÞðyn � l yÞg

where lx and ly are the mean values of the two stationary random
processes, and E{Æ} is the expected value operator. Cross-covariance
(x,y) returns the cross-covariance sequence in a length 2(N ) 1)
vector, where x and y are length N vectors. The cross-covariance
function was applied to all 64 channels at once. In simple words, given
the time series information associated with the electrodes, does a spike
in electrode X at time t affect the probability of electrode Y spiking at
a time t + k, where k can be positive, negative or zero. We used cross-
covariance instead of cross-correlation to determine edge (the lines
connecting the vertices of a graph are most commonly known as graph
edges, but may also be called ‘arcs’ or ‘lines’; vertices of the graph are
electrodes in our case) connectivity, as cross-covariance corrects for
mean firing rates in each electrode, effectively measuring how
deviations in firing rate from the expected mean in one recording
site are correlated with deviations in firing rate from the expected
mean in another recording site. To compute the covariance matrix, we
first needed to fill 64 vectors (one for each channel) with digital
impulses accumulated at each spike time, and the cross-covariance
was estimated for time windows of 10 ms. To accommodate spikes
arriving at the edges of a 10-ms window, an extra 2 ms time was
given. A threshold value of 5 was chosen to determine edge
connection after examining several cross-covariance plots, and fixed
for the analysis of all the data sets in the control and glutamate-injured
cases (Fig. 6). The network graph topologies were sensitive to the
selection of the threshold; low threshold resulted in maximal
connectivity, high threshold in poor connectivity, and hence the
threshold value was fixed so that the connectivity graphs could be
compared in the two experimental conditions. As the distribution of
connectivity depends on the selection of the threshold, several network
bursts in control and glutamate-treated neuronal networks were
similarly analysed at 10 different threshold levels from 2 to 6.5 in
steps of 0.5. A threshold value of 5 was found to be the best selection
and all the connectivity analysis was done using a threshold of 5.
The strength of the connectivity between any two electrodes was
reflected by the size of the peak in the cross-covariance plot above the
threshold (shown on the graph in Fig. 6a). The methods used for the
analysis of multielectrode data were adapted from the work of Ulf
Knoblich and Ji-Jon Sit (see: http://web.mit.edu/9.29/www/nev-
ille_jen/connectivity/MEA2.htm) for characterization of network
topology of multielectrode array network after suitable modifications.

Network topology

The three important parameters in understanding the network topology
are defined below.
Degree: the degree, k, of a vertex is the number of other vertices to

which it is directly connected.
Path length: the path length (l) between any two vertices, for example

x and y, is defined as the number of edges included in the shortest path
between them. The characteristic path length (L) of graph G is path
length (l) averaged over all pairs of vertices.
Clustering coefficient: another important parameter in the context of

small-world networks is the clustering coefficient of the graph. The
clustering coefficient of vertex i, C(i), is defined as the number of
edges among the ki neighbours of i (¼ adjacent vertices), divided by
the maximal number of such edges, ki(ki ) 1) ⁄ 2. Thus, C(i), which is

in the range 0–1, measures the ‘cliquishness’ of the neighbourhood of
i, i.e. what fraction of the vertices adjacent to i are also adjacent to
each other. By extension, the clustering coefficient C, of the graph G,
is the average of C(i) over all vertices (Watts & Strogatz, 1998; Shefi
et al., 2002). Mathematically, the clustering coefficient of an electrode
i is written as

CðiÞ ¼ 2ni=kiðk i � 1Þ

where n is the number of edges between the ki nearest neighbours of
vertex i.

Results

Glutamate injury induced epileptic activity

Brief exposure to glutamate is known to induce epileptic activity in
hippocampal neuronal network cultures (Sun et al., 2001, 2002). The
in vitro model of stroke-induced epilepsy was used to induce seizure
activity in our cultures. Hippocampal neurons (11 DIV) were exposed
to 20 lm glutamate for 10 min. This glutamate exposure is known to
produce death in � 40% of the neurons and the surviving neurons
develop SREDs (Sun et al., 2001, 2002). Patch-clamp recordings were
performed in current-clamp mode on control (Fig. 1a) and glutamate-
injured (Fig. 1b) neurons at 15 DIV. All the glutamate-injured neurons
(n ¼ 4) on which recordings were performed manifested SREDs,
whereas the control neurons (n ¼ 4) showed normal spontaneous
firing (< 3 Hz). SRED patterns were quite similar to those reported
previously (Sun et al., 2001, 2002). As the experimental procedures
were also similar to those reported earlier, we would assume the cell
loss to be � 40%. Moreover, the neuronal loss was reported to be not
greatly influenced by neuronal density and endogenous glutamate
levels in the culture media (Sun et al., 2001, 2002). The resting
membrane potential of the neurons was )61 ± 3 mV. SREDs were
characterized by paroxysmal depolarizing shifts and high-frequency
firing (> 3 Hz).

Synchronized bursts in neuronal networks

We next explored the changes in the neuronal network properties
during epileptiform activity in vitro, in planar two-dimensional
neuronal networks cultured on multielectrode arrays using the in vitro
model of stroke-induced epilepsy. Hippocampal neurons from neona-
tal rat were grown on 8 · 8 multielectrode array; after a few days in
culture, dissociated neurons reorganized to establish an elaborate and
spontaneously active neuronal network. Figure 1c shows a micrograph
of a matured hippocampal neuronal network at 12 DIV. After
14–15 DIV these networks become stable and are characterized by
spontaneous, synchronous bursts termed differently by various authors
as network bursts (Chiappalone et al., 2005; Van Pelt et al., 2005),
network spikes (Evtan & Marom, 2006), population bursts (Wagenaar
et al., 2006) or synchronized burst events (Volman et al., 2005), and
here referred to as network bursts. These bursts become more
synchronous as the network grows older (21 DIV onwards; Van Pelt
et al., 2004; Chiappalone et al., 2005). Spontaneous electrical activity
was recorded from both control and glutamate-injured neuronal
networks (sister cultures) at 15 DIV. The advantage of working with
15 DIV networks, unlike older cultures, is that they display fewer
synchronized bursts (Van Pelt et al., 2004, 2005) and any changes in
burst dynamics can be monitored easily in glutamate-injured net-
works. Recordings performed on cortical networks in culture media
are known to exhibit epileptic behaviour (Wagenaar et al., 2005).
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Hence, all the experiments were performed in external solution (see
Materials and methods) at 25 �C. Only the first hour of recording was
considered for analysis, though the recordings were stable for 2–3 h
(survival outside the incubator without the culture medium was the
limiting factor). Figures 2a and b show snapshots of 5 s of activity
recorded from all 64 channels of a control and glutamate-injured
neuronal network. The control networks showed spontaneous activity,
which includes random spikes and occasional bursts in a few channels,
whereas the glutamate-injured networks showed heightened burst
activity in all the channels; this is evident from the raster plots (Fig. 2c
and d) of extracted spikes for 100 s of data in the two conditions. The
procedure for spike extraction from raw traces of activity is shown in
Fig. 3.

Glutamate injury altered network burst dynamics

A network burst represents the period of synchronized activity in the
network and, during this transient period, maximum numbers of
neurons interact with each other (Van Pelt et al., 2005). It has been
shown that, like in vivo neurons, cortical networks in vitro sponta-
neously synchronize once every 1–20 s, generating assembly activity

(network spikes) lasting for 0.1–0.2 s (Evtan & Marom, 2006).
Network bursts were separated from the baseline activity using an
algorithm described by Van Pelt et al. (2005), and similar methods
were followed to detect and time-align network bursts in both the
experimental conditions (see Materials and methods and Fig. 4a and b).
A typical time-aligned network burst is shown in Fig. 4c. Experiments
performed on hippocampal networks showed synchronized network
bursts of similar durations (Fig. 5a). Glutamate-injured networks also
showed network bursts of similar durations (Fig. 5b), but the
bursts occurred more frequently. The firing frequency of network
bursts in glutamate-injured networks was significantly higher
(20.05 ± 2.285 ⁄ min, mean ± SEM; n ¼ 4, P < 0.0001) than in
control networks (5.4 ± 0.79 ⁄ min, n ¼ 4; Fig. 5c). Moreover, the
durations of the network bursts were similar to those of the population
bursts (< 200 ms) recorded from acute slice models of epilepsy
(Dzhala & Staley, 2003). Time stamps of individual spikes (from all
64 channels) during such time-aligned network burst (for example, see
Fig. 5a and b) were collected and stored in a matrix and used to
construct the network topology, explained below. Network bursts were
detected from segments of 400 s of spontaneous activity in both the
experimental conditions.

Fig. 1. Glutamate injury induced epileptic activity in individual hippocampal neurons. (a) Spontaneous activity recorded in current-clamp mode from a control
hippocampal pyramidal neuron in a network after 15 DIV. (b) Spontaneous activity, indicative of epileptic activity behaviour, recorded from a hippocampal
pyramidal neuron 4 days after glutamate injury (20 lm for 10 min). Neurons that survived glutamate injury manifested spontaneous recurrent epileptic discharges
(SREDs). Selected portions of the recording are shown on larger time scales in subsequent traces below. (c) Typical hippocampal neuronal network cultured on a
multielectrode array probe; 12 DIV. Two recording channels or electrodes (E), embedded in the substrate, with neurons are shown. Typical neuronal somas (S) and
processes (P) are indicated with white arrows. Scale bar, 50 lm.
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Analysis of network topology
Network topologies were analysed during the network bursts in
control and glutamate-injured neuronal networks. To understand the
connectivity pattern, information related to the time series of spike
activity recorded from each electrode in the array was analysed using
cross-covariance analysis, which corrects for mean spike rates in each
electrode, effectively measuring how deviations in firing rate from the
expected mean at one recording site are correlated with deviations in
firing rate from the expected mean at another recording site. The cross-

covariance matrix was computed by filling 64 vectors (one for each
electrode) with impulses in defined time bins. An cross-covariance
plot of each electrode pair was made next. For 64 electrodes there are
N(N ) 1) ⁄ 2 or 2016 possibilities (N is the number of electrodes).
Connections between electrodes were determined by setting an
appropriate threshold that was similarly applied to all the data sets.
A connection was declared to exist if the cross-covariance value
exceeded a certain threshold. For instance, a directed connection
between electrodes 1 fi 9 was established if the cross-covariance

Fig. 2. Glutamate-injured networks showed heightened spontaneous activity compared to control networks at 15 DIV. (a) Snapshot of spontaneous electrical
activity recorded from 64 channels (electrodes) in real time from a control hippocampal neuronal network culture. Each window in this and (b) shows 5 s of the
recorded signal from a single channel. (b) Snapshot of spontaneous electrical activity recorded from 64 channels from a hippocampal neuronal network culture,
4 days after glutamate injury. (c) Raster plot of spike trains generated from the 64 recording channels of the multielectrode array over 100 s of spontaneous activity
from one control network (15 DIV); each row corresponds to a recording site or channel and each small vertical line to a detected spike. The activity consisted of
random firing with occasional synchronized activity recorded from most of the channels; this is known as a network burst and is shown with an arrow at the top (fl).
(d) Raster plot of spontaneous activity recorded from a sister culture 4 days after glutamate injury. Note the increased spontaneous synchronized activity in the
glutamate-injured network compared to control network, on the same day (15 DIV) of recording. Typical network bursts are shown with an arrow at the top (fl).
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value exceeded a certain threshold at a positive time lag, while a
directed connection between 9 fi 1 was similarly created if the
cross-covariance exceeded the threshold (see Materials and methods)
at negative time lag (lag window 60 ms) (Fig. 6a). Part of the
connectivity map is shown in Fig. 6b.

A total of 125 network bursts from the two culture conditions were
used for the study. Typical network topology of control (Fig. 7a) and
glutamate-injured (Fig. 7b) network burst are shown. Glutamate-
injured networks showed higher number of direct connections per
electrode than did control networks; the average numbers of
connections were 33.4 and 7.2, respectively.

Previous studies on cortex of the primate brain (Hilgetag et al.,
2000; Stephan et al., 2000) and nervous system of C. elegans (Amaral
et al., 2000) have shown that these networks demonstrate small-world
architectures. Watts and Strogatz introduced the small-world networks
concept (Watts et al., 1998). A small-world network is one that
interpolates between the two extreme cases of, on the one hand, a
regular lattice and, on the other, a random graph. It is characterized by
a local neighbourhood, which is highly clustered (as in regular
lattices), and by a short path length between vertices (as in random
networks). To understand whether hippocampal networks exhibit
small-world network properties or not, network parameters such as
clustering coefficient (C), and characteristic path length (L) and degree
(k) or the number of electrodes directly connected to a single electrode
were estimated from the connectivity patterns (see Materials and
methods). Degree distribution, P(k), gives the probability that an
electrode in the network is connected to k other electrodes. Analysis of
the way in which the neurons in the electrodes are connected in the
control neuronal network cultures suggested that the network is
exponential and random (Fig. 7c). The occurrence of highly connected
electrodes decreases exponentially. The distribution of connections
when plotted on a double logarithmic scale did not fall in a straight
line, indicating that the network has no scale. The connectivity
distribution was fitted to both a power law, P(k) � k–k (R2 ¼ 0.85)
and an exponential, P(k) � exp(–bk) (R2 ¼ 0.93) using regression
methods (here � means ‘follows a function’). An exponential
distribution suggests that the hippocampal neuronal network in vitro
does not have hubs i.e. electrodes that show a very high number of
connections. The glutamate-injured neuronal network was described
with a Gaussian distribution (R2 ¼ 0.9334), suggesting that it has a

random feature, although the average number of connections per
electrode (33.4) was significantly higher (Fig. 7d) than that of the
control network (7.2; Fig. 7c).

Network topology following glutamate injury

Although the control network topology was exponential and random,
it was characterized by high correlation coefficient (C) and charac-
teristic path length (L) values, suggesting that the hippocampal
neuronal network is also a small-world network. The clustering
coefficient of the network, C, was obtained by averaging Ci over all
electrodes of a network (see Materials and methods). The values were
0.43 ± 0.05 and 0.06 ± 0.006 (mean ± SEM) for control and glutam-
ate-injured networks, respectively (Fig. 7e). This corroborates with the
values reported for the functional connectivity in the primate cerebral
cortex (Stephan et al., 2000). The neuronal networks were character-
ized by relatively small path-length values. Path lengths signify the
number of hops required for the impulses to travel from one electrode
to another by the shortest path length. The characteristic path length
(L), which represents the statistical diameter of the network, was found
to be 2.03 ± 0.15 and 1.63 ± 0.14 (mean ± SEM) in control and
glutamate-injured networks, respectively (Fig. 7f). The smaller path
lengths suggest faster propagation of impulses between the electrodes.
However, the glutamate-injured network cultures that are character-
ized by epileptic discharges did not have small-world properties as a
significant decrease in the clustering coefficient was observed,
although the characteristic path length did not change (Fig. 7e and f).

Discussion

Neurons that survive the glutamate injury are hyperexcitable and
develop SREDs (Sun et al., 2001, 2002), but how this property affects
the whole neuronal network is not known. We have used a substrate-
integrated multielectrode array to measure and characterize the
network properties of such glutamate injury-induced epileptogenic
networks. Neuronal networks in culture show spontaneous firing
activity with short phases of synchronized firing known as network
bursts. During such transient periods the whole network is active
(Maeda et al., 1995; Amioka et al., 1996; Jimbo et al., 2000;
Chiappalone et al., 2005; Van Pelt et al., 2005). Neuronal networks

Fig. 3. Filtering of raw electrophysiological data and spike extraction. The top panel shows a raw trace of spontaneous activity from one of the recording
electrodes. In the middle panel the filtered signal is shown, the dotted line representing the threshold level of 5 SD. The corresponding extracted spikes are shown in
the bottom panel with black lines.
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that survived glutamate injury showed heightened network burst
activity compared to control networks. Using network burst detection
algorithms, time stamps of individual spikes from each network burst
were obtained and connectivity maps were created to understand the
propagation of activity between electrodes, which were surrounded by
neurons. The cross-covariance method of edge determination revealed
that control networks show degree distribution which can be described
with exponential decay whereas glutamate-injured networks show
Gaussian degree distribution. Interestingly, control networks showed

high clustering coefficient (C) and characteristic path length (L)
values, which are considered to be small-world properties, whereas
glutamate-injured networks showed significantly lower C values
although
L remained the same. Small-world architecture of the neuronal
network promotes faster signal propagation and synchronization in a
network with a small number of connections. Such small-world
characteristics have been shown in the nervous system of C. elegans
(Amaral et al., 2000) and for both structural and functional

Fig. 4. Network burst detection procedure applied to (a) control and (b) glutamate-injured recordings. In (a) and (b), the top panel shows the raster plot of array-
wide activity. The middle panel shows 25-ms binned spike activity, from all 64 electrodes. Product calculation (no. of spikes ⁄ bin · no. of active channels) for all the
bins and a threshold of 9 (dotted line) to detect the network bursts is shown in the bottom panel. In our experiments, an active channel was defined as a channel
presenting two bursts in an acquisition time of 300 s. Examples of detected network burst is indicated with an arrow (fl) at the top of the panel. (c) Procedure for
defining network burst duration for analysis of network topology. Example of network burst profiles detected from one of the recording session is presented. The
horizontal dotted line represents the threshold of 9. The time bin with maximal product value was taken as the centre bin of the burst and its centre time was
considered as the centre-of-mass (COM) point of the product distribution over the bin range of ±5. The COM point is indicated with a small arrow (fl) on the top of
the spike count histogram. The value of threshold and the bin range on either side of the COM point were kept constant throughout the analysis.
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interactions in the cortex of the primate brain (Hilgetag et al., 2000;
Stephan et al., 2000), besides others. Real-world network (any of
various observable phenomena which exhibit network theoretic
characteristics, e.g. social networks, computer networks, neural
networks, ecological networks and epidemiology) connection distri-
butions are fitted with exponential, power-law, truncated power-law
and Gaussian distributions (Amaral et al., 2000). There have been
suggestions that the neuronal networks are scale-free (Evtan &
Marom, 2006). What factors might contribute to the deviation from a
scale-free to an exponential network topology as seen in our in vitro
system? Scale-free networks are growing networks in which new
nodes are added preferentially to the more highly connected nodes
(Barabasi & Albert, 1999). However, factors such as ‘aging’, where
preferential attachment of new links to the highly connected nodes
stops, and ‘cost’, where the limited capacity of a node to form new
links becomes restricted due to physical costs, can change the network
topology from a power law to truncated power law (Amaral et al.,
2000). Mathematical modelling of network growth has suggested that,
if the preferential attachment of new nodes to existing nodes of high
connectivity is relaxed, the network topologies change to exponential
(Krapivsky et al., 2000). Other modelling studies indicate that
exponential network topology can emerge by rewiring of the existing
nodes (Albert & Barabasi, 2000), where the rewiring is not random but
is constrained by preferential attachment. Constraints of ‘aging’ and
‘cost’ would apply to the development of neuronal connectivity
in vitro as well. Axonal growth and synapse formation become limited
with time, and the number of connections a neuron can develop will be
physically limited by metabolic costs related to development and
maintenance of connections (Cline, 2003; Laughlin & Sejnowski,
2003). Therefore, it is not surprising that the neuronal network is not
scale-free, but exponential. A scale-free topology signifies the
existence of hubs, or super-connected neurons. Although scale-free

networks are more robust to random damage of nodes, specific
damage to the hubs can be lethal. However, super-connected neurons,
where a single neuron is connected to many other neurons, have not
been reported in the literature so far, although the inability to discover
such neurons might be biased by the way connectivity in the brain is
established using anterograde or retrograde staining techniques
(Humphries et al., 2006).
The glutamate-injured neuronal network was described with a

Gaussian distribution, suggesting that it had a random feature,
although the average number of connections per electrode (33.4) was
significantly higher than in the control network (7.2). However, the
glutamate-injured network cultures that are characterized by epileptic
discharges did not have small-world properties, as a significant
decrease in the clustering coefficient was observed although the
characteristic path length did not change. This seems to follow the
predictions from the model reported by Netoff et al. (2004), in which
the bursting behaviour associated with epileptic discharges corres-
ponded with a drop in the clustering coefficient, which signaled the
transition from a small-world to a random graph. The other
important factors that lead to bursting associated with epileptic
discharges relate to having a larger number of connections as well as
an increase in synaptic strength (Netoff et al., 2004). A significant
increase in the average number of connections per electrode was
observed in the glutamate-injured neuronal network cultures, and
changes in synaptic strength associated with epileptiform activity
have been reported earlier in the hippocampus (Abegg et al., 2004).
The changes that are observed with the development of epilepto-
genesis in the glutamate injury model may also be applicable to the
continuous seizure (status epilepticus) injury induced acquired
epilepsy model (Sombati & DeLorenzo, 1995; DeLorenzo et al.,
1998) However, further experiments need to be performed to
substantiate this.

Fig. 5. Glutamate-injured networks showed altered network burst dynamics. (a) A representative network burst recorded from a control network is shown with the
activity centred at the centre-of-mass time (0 ms). Typically, a single network burst spread over 100 ms. (b) Raster display of single network burst recorded from a
glutamate-injured network; this had a similar duration (100 ms). (c) The frequency of network bursts was different in the two culture conditions. Control networks
had a frequency of 5.4 ± 0.79 ⁄ min whereas glutamate-injured networks had a mean rate of 20.05 ± 2.285 ⁄ min (mean ± SEM; n ¼ 4 in each condition,
**P < 0.0001, unpaired t-test). Error bar represents SEM.
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Results of analysis of our experimental data suggest that an increase
in connectivity might be one of the mitigating factors that transform a
normal neuronal network activity to one with epileptic features.
Following glutamate injury the number of electrodes showing activity
increased, as shown in Figs 2 and 7. The estimated neuronal loss is
� 40%, based on earlier studies (Sun et al., 2001, 2002). Neuronal loss
may, however, be accompanied by increase in neuronal sprouting and
activity. Analysis of electrode connectivity suggests that there are

more connections per electrode (and neuron). The synaptic home-
ostasis hypothesis has not been explored in the case of neuronal loss
situations. It is likely that, in the case of neuronal loss or epileptic
conditions, the set point of the synaptic homeostasis mechanism is at a
higher level and, to achieve this higher set point, the neuronal network
is reconfigured to increase the connections. There appears to be a
compensatory response in the neuronal network, whereby the loss of
neurons is compensated for by increased connectivity between the
existing neurons, although this needs to be substantiated with detailed
morphological analysis which is beyond the scope of the current work.
In the case of epileptogenesis, changes in the calcium homeostasis

mechanisms appear to play a more important role. Entry of calcium is
required to induce the long-term development of the epileptiform
discharges in the glutamate-injury model of epileptogenesis (Sun
et al., 2002, 2004). The calcium [Ca2+] hypothesis of epileptogenesis
proposes that major alterations in calcium homeostasis underlie the
maintenance of the epileptic condition. Calcium overload and
irreversible loss of calcium homeostasis is known to cause excitotoxic
neuronal death (Limbrick et al., 1995). Long-lasting alterations in
normal calcium handling, below threshold for excitotoxic cascade
activation, may be one of the reasons for the expression of
spontaneous recurrent seizures (DeLorenzo et al., 2005). It has now
been established in multiple models of acquired epilepsy that the
epileptic phenotype is associated with elevated [Ca2+]i and altered
Ca2+ homeostatic mechanisms in neurons in the hippocampus and
possibly in other brain areas. As Ca2+ is such a major second-
messenger system, affecting many aspects of neuronal function, it can
be assumed that the underlying change in [Ca2+]i plays a major role in
altering neuronal activity (DeLorenzo et al., 2005). The development
of epilepsy leads to many changes in the hippocampus, including
changes in GABA receptor function (Coulter, 2001), neuronal
reorganization (Sanabria et al., 2002), initiation of mossy fibre
sprouting (Ben-Ari, 2001; Nadler, 2003), changes in the expression of
BDNF (Scharfman et al., 1999; Binder et al., 2001; Scharfman,
2002b), the onset of neurogenesis (Parent et al., 1997; 2002) and other
cellular and functional changes (Scharfman, 1992; 1995). Based on
the calcium hypothesis and the previous studies on the dependence of
epileptogenesis on elevated calcium during the injury phase it is
almost certain that these network properties are calcium-dependent.
Understanding the molecular basis for these long-term alterations and
the possible homeostatic mechanisms that operate to reverse these
changes is an interesting area of further investigation and beyond the
scope of present study.
The increased connectivity is defined here in terms of number of

connections per electrode rather than neurons per se, as the
covariance analysis was performed without spike sorting. The
number of connections per electrode was about four times higher
after glutamate treatment than in control (Fig. 7c and d). The
anatomical connectivity patterns, consisting of a set of structural
connections through synapses linking neurons cultured on the
multielectrode array, are expected to be different in the neuronal
networks cultured on different multielectrode array probes, as the
neuronal networks were formed from randomly dispersed dissociated
neurons cultured on the multielectrode array probe (n ¼ 4). How-
ever, the functional connectivity topologies were surprisingly similar
in that they all followed an exponential distribution. Similarly, the
network topologies in the glutamate-injured network cultures were
consistently Gaussian (n ¼ 4). During the 4 days following glutam-
ate injury, and before the electrical activity was sampled, massive
alterations in the anatomical connections might have occurred as
described below, resulting in significant increases in connectivity
between neurons and alterations in the network topology.

Fig. 6. Cross-covariance method of edge determination. (a) A typical cross-
covariance plot, generated between a pair of electrodes, is shown. X and Y are
examples of two planar electrodes (black squares with E in the centre). For
example, for cross-covariance (X,Y), if the plot exceeded the threshold at a
positive time lag then a directed edge X fi Y was created. If the plot
exceeded the threshold at a negative time lag then a directed edge Y fi X was
created. If the plot did not exceed the threshold then no directed edge was
generated. The size of the arrow between the channels reflects the size of the
peak above the threshold in the cross-covariance plot, with the larger size of the
arrow being largest and the smaller size being smallest. For example, note that
the size of the arrow directed Y fi X is larger than that of X fi Y; this
reflects the peak values of the cross-covariance plot. An arbitrarily chosen
threshold value of 5 is represented with a dashed black horizontal line. A lag
window (x-axis) of )60 to +60 ms was chosen for the analysis. The values of
threshold and lag window were kept constant throughout the analysis.
(b) A part of the edge connectivity graph is shown, where channels 1, 10
and 19 and the connections are seen.
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In the course of development, in vitro, dissociated neurons
become assembled to form functional neuronal networks. The
electrical activity of neurons influences the formation of neuronal
network structures (Zhang & Poo, 2001). Brief exposure to
glutamate in our experiments in vitro resulted in a massive change
in electrical activity in individual neurons in the neuronal network
when recorded 4 days later. Such changes in electrical activity in
single neurons would excite the other neurons and bring about
structural changes in the neuronal network to alter the network
connectivity pattern to a random Gaussian network, with a

breakdown of small-world characteristics. In conclusion, we show
that neuronal network cultures in vitro have a random exponential
topology with small-world characteristics that change to random
Gaussian topology with a loss of small-world properties following
glutamate injury. To our knowledge, these findings represent the first
direct documentation of understanding of acquired epilepsy in two-
dimensional neuronal networks using multielectrode arrays. Our
results also suggest the possibility of similar changes in neuronal
network organization during epileptic activity in vivo, which remains
to be explored.

a b

c

e f

d

Fig. 7. Glutamate injury affected small-world properties of hippocampal networks in vitro. (a and b) Network topology constructed during single network burst in
(a) control and (b) glutamate-injured conditions. (c) Degree (links, k) distribution obtained from analysis of 125 network bursts of a control network is shown on
a log–log scale. The experimental data (black dots) and the best fits, with both exponential [P(k) � exp(–bk), black line; R2 ¼ 0.93] and power law [P(k) � k–k, grey
line; R2 ¼ 0.85], are shown. The mean number (l) of degrees or links estimated from the exponential fit was 7.2. (d) Similar analysis of a glutamate-injured
network is shown. The distribution was Gaussian (R2 value is 0.9334) on a linear–linear scale with a mean (l) of 33.4. (e) Bar histograms showing a significant
decrease in the mean clustering coefficient (C) in the glutamate-injured condition (0.06 ± 0.006, control; 0.43 ± 0.050, glutamate-injured; **P < 0.001, unpaired
t-test). (f) The characteristic path length (L) in the two experimental conditions (control, 2.03 ± 0.15; glutamate-injured, 1.63 ± 0.14; mean ± SEM, unpaired t-test)
is shown. There is no significant difference. Error bar represents SEM. Similar results were obtained from analysis of network bursts in four different experiments in
each condition.
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