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Abstract

The propagation of neuronal activities is a key feature to understanding information processing in networks. The analysis based on
first-spikes of bursts in turn plays an important role in the research of neuronal activity propagation. Our focus here is to investigate how
spatiotemporal patterns of neuronal first-spikes are affected by disinhibition. Multi-electrode arrays were used to record stimulation-
evoked bursts of multiple neurons in randomly cultured neuronal networks. Both the precise timing of and the rank relationships
between first-spikes were analyzed. Compared with evoked bursts in the network’s native state, the precise first-spike latencies in its dis-
inhibited state are more consistent and the propagation of its bursting activities is much faster. Additional points of interest are that
disinhibited neuronal networks can be evoked to generate stable and distinguishable neuronal first recruitment spatiotemporal patterns
specific to the stimulation site, and that the disinhibition may cause the original spatiotemporal patterns to change in a heterogeneous
manner with regards to different propagation pathways.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

In a neuronal network containing both excitatory and
inhibitory synapses, the study of spatiotemporal patterns
of neuronal activities provides a global view on network
behavior, and is a key method for understanding the propa-
gation of neuronal activities in a network in both experimen-
tal and theoretical investigations [1–9]. There have been
in vitro experiments conducted to investigate how the block-

ade of inhibitory synapses influences neuronal activities on
the network level using simultaneous multiple neuron
recordings [10–12]. There have also been previous efforts to
characterize bursting in disinhibited networks based on spa-
tiotemporal patterns [1,3,7]. However, studies that focused
on spatiotemporal patterns of spontaneous neural activities
had more ambiguous data compared to those that focused
on electrically stimulated activities. Those that had focused
on electrically stimulated activities in turn failed to record
and represent their data in a clear and precise fashion.

In this study, we aimed to examine the spatiotemporal
patterns of neuronal recruitment in disinhibited networks
and to reveal the effects of disinhibition on a configuring
pathway during the propagation of the burst evoked by
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an electrical stimulation. The multi-electrode array (MEA)
technique was used to record synchronous bursting activi-
ties from multiple neurons in cultured neuronal networks.
The first-spike times in bursting activities reflect the order
of neuronal first recruitment, which in turn says something
about the order of propagation in a neuronal pathway. To
represent the spatiotemporal patterns of neuronal first
engagement, we compared the first-spike timings between
every pair of neurons in a burst and identified the rank
relationships between them. To study the effect of inhibi-
tion on the dynamics of first-spike latencies, we performed
return plot analysis on precise first-spike latencies of indi-
vidual neurons in successive bursts.

2. Materials and methods

2.1. MEA and cell culture

The multi-electrode arrays (MEAs) were fabricated on
polished Pyrex glass wafers (Corning Incorporated, Corn-
ing, USA). Each array consisted of 96 Au/Ti electrodes,
which were 30 lm in diameter and spaced 200 lm away
from one another. MEAs were flexibly encapsulated on
printed circuit boards, and the electrodes were platinized
(Fig. 1(a) and (b)) (CapitalBio, Beijing, China). For more
information please refer to [13].

In this experiment, we adhered to the animal welfare
guidelines elaborated in the National Institutes of Health
(NIH) guide for the care and use of laboratory animals. Neo-
cortical neurons were obtained from the brains of embryonic
day 18 Sprague–Dawley rats. All efforts were made to reduce
the number of animals used and to minimize animal suffer-
ing. Neocortical tissue was mechanically dissociated under
sterile conditions and enzymatically digested. Cells were sep-
arated in the culture medium containing 47% MEM (Invitro-
gen), 47% NeurobasalTM medium with B27 (Invitrogen), 5%
FBS and 0.5 mM Glutamax (Invitrogen), and 100,000 cells
in 200 ll of culture medium were plated on poly-L-lysine
(Sigma, Saint Louis, MO) and laminin (Sigma)-coated
MEAs and formed a monolayer of cells with a density of
2000 cells per square millimeter. Cultures were maintained
in a tissue incubator at 37 �C with an atmosphere consisting
of 5% CO2, 95% air, and at 100% relative humidity. Half of
the volume of culture medium was replaced twice every
week. Fig. 1(c) shows a network of cortical neurons cultured
on an MEA.

2.2. Electrical stimulation and multichannel extracellular

signal recording

Electrical stimuli were generated by an electrical stimu-
lator (A310 accupulser, WPI, Sarasota, FL). Electrical
pulses (1 V, 250 ls pulse width) were applied. Three elec-
trodes, each located in a corner of the electrode grid lay-
out, were chosen to be the stimulation sites, and are
represented by S1, S2 and S3, respectively. At any point
in time, only one of the three stimulation sites was used

to transfer the electrical pulses. Electrical pulses were
applied between the chosen stimulation site and a refer-
ence electrode, a Ag/AgCl wire immersed in culture
medium (Fig. 1(d)).

A multichannel neural signal amplifier (Cyberkinetics,
Salt Lake City, UT) with a frequency range of 250–
7500 Hz and a gain of 5000� was used. Signals were sam-
pled at a frequency of 30 kilosample/s using a neural signal
acquisition system (Cyberkinetics). Before the experiments,
thresholds (5-fold rms noise) were defined separately for all
recording channels. Prior to the analysis of the acquired
data, a spike-sorting algorithm [14] was used to minimize
data ambiguity in the event that different neural spike
sources were recorded by the same electrode. Fig. 1(e)
and (f) show examples of evoked bursts in the native state
and evoked bursts in the disinhibited state, respectively.
The stimulus artifacts persisted for several milliseconds,
and were followed by a distinct silent period of 5–40 ms
before the onset of the actual bursting response. As such,
stimulation and the resultant bursting can be clearly distin-
guished, and we were able to determine the timings of first-
spikes of stimuli-evoked synchronous bursting.

During the stimulation and recording, the cultured net-
works were maintained in a tissue incubator at 37 �C with
an atmosphere consisting of 5% CO2, 95% air and at 100%
relative humidity.

2.3. Application of antagonists of inhibitory synapses

To investigate the effects of disinhibition on spatiotem-
poral relationships among neurons, inhibitory synaptic
blockers, i.e., bicuculline (BIC, 20 lM) (Sigma),
CGP35348 (1 lM) (Sigma) and strychnine (STR, 1 lM)
(Sigma), were applied to block GABAA, GABAB and
Gly receptors, respectively.

2.4. The experimental procedure

The experiments were performed in the third week after
plating. There are two steps in each experiment: (1) Per-
form six recording sessions (RSs) by activating each of
the predetermined stimulation sites twice in the following
sequence: S1, S2, S3, and then S1, S2, S3, with each RS
containing about 40 evoked bursts; (2) add the antagonists
to the cell culture medium and repeat step (1) in the pres-
ence of the antagonists. The same experimental procedure
was performed on five different neuronal networks
separately.

2.5. Data analysis

We defined the latency of the first-spike as the interval
between the onset of the first-spike and the starting time
of the electrical pulse immediately before. We performed
return plot analysis on the latencies of first-spikes of indi-
vidual neurons in successive bursts. Return plots elucidate
a temporal relationship of the first-spikes between succes-
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sive bursts, by recursively plotting the first-spike latency of
the kth burst against the first-spike latency of the k+1st.
The appearance of clusters in return plots reflects a con-
served temporal pattern in successive bursts, and the
spread of clusters reflects the precision of first-spike
conservation.

Furthermore, an analysis method based on the rank
relationship between the first-spikes was performed. For
all the bursts in a recording session (RS), let the number
of recorded units be N. For RS k (k = 1,2,. . .,M), and for
a pair of units (i and j) (i, j = 1,2,. . .,N), let the percentage
of the bursts in which the first-spike of unit i firing ahead of

Fig. 1. Experimental setup and signal recording. (a) An MEA encapsulated on a printed circuit board; (b) an array of 96 micro-electrodes; (c) a network of
cortical neurons cultured on an MEA; (d) stimulation setup. The biphasic electrical pulses were applied between a micro-electrode on the MEA and a
reference electrode (Ag/AgCl wire) suspended in culture medium; (e) two evoked bursts simultaneously recorded by 22 electrodes from a network in its
native state. The extracted sections from a burst show the details of both artifacts and spikes; (f) two evoked bursts simultaneously recorded by 22
electrodes from a network in its disinhibited state. The extracted sections from a burst show the details of both artifacts and spikes.
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that of unit j in the RS be p0
kij (0–1), so matrix P 0

k is
obtained.
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Matrix P 0
k was defined as the rank-probability-matrix

(RPM) of an RS. According to the color scale, every ele-
ment of an RPM shows the statistical probability of the
temporal rank relationship of the two neurons among the
bursts in an RS.

To quantitatively compare the RPMs of two RSs we
unfolded the upper triangular parts of two RPMs into
two vectors, and calculated the correlation coefficient
between these vectors to represent the correlation between
the two RPMs. The upper triangular part of the RPM con-
tains the same information about the matrix as the lower
triangular part. So the upper triangular part was extracted

and converted into a one-dimensional vector. To do this, it
was ‘‘unfolded” into a 1� ðNðN � 1Þ=2Þ vector Vk, row by
row,

V k ¼ ðpk21; pk31; pk32; pk41; pk42; pk43; . . . ; pkN1; . . . ; pkNðN�1ÞÞ:

Operation < V k; V l >¼
PN
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Pi�1
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as the inner product operation. Then the length of Vk
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Fig. 2. Return plots representing the temporal structure of burst
propagation by recursively plotting the first-spike latencies at which a
neuron starts to participate in one burst against its first-spike latency in the
next burst. (a) Return plots of the first-spike latencies of evoked bursts in
the native state. Each type of symbol represents the first-spike latencies of
one neuron. (b) Return plots of the first-spike latencies of evoked bursts in
the disinhibition state. The symbols as in (a).

Fig. 3. (a) rRPMs of the RSs with antagonists, which contain the bursts
evoked by the stimulation from S1, S2 and S3, respectively, under the
condition with the antagonists. The sequence of the first-spikes in each RS
is used to rearrange the RPMs into a row of rRPMs. For example, the
rRPM in the black frame is an rRPM of RS4, which is rearranged
according to the sequence of first-spikes of RS2. The rRPMs on the
diagonal are the ones rearranged by their own sequence in each row.
Different pixels represent the rank probability values of different neuron
pairs using the colored scale bar. (b) For each network, correlation
coefficients between the RPMs of the RSs are represented. Correlation
coefficients between RSs of the same stimulation site are indicated by red
crosses. Correlation coefficients between RSs of the different stimulation
sites are indicated by blue crosses.
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So the correlation coefficient between the RPM of RS k

and the RPM of RS l was calculated as ckl ¼ cos hkl ¼
V k �V l
jV k j�jV lj.

We then rearranged the elements of RPM using
the index vector of each RS. The vector length of
each row i in the RPM was obtained by So

ki ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p0
ki1

2 þ p0
ki2

2 þ � � � þ p0
kiN

2
q

, which line up together into a
column vector So

k . Elements of So
k are rearranged in a

descending order to get Sk ¼ So
kðIkÞ, in which Ik is the index

vector of RS k, showing the order of rearranged unit num-
bers, and also representing the temporal order of neuronal
engagement in bursts within the RS. For RS k, Ik was used

Fig. 4. (a) For each stimulation site, the joint rRPMs of evoked bursts with the antagonists and those without the antagonists were generated. The panels
are drawn in the same way as Fig. 3(a), and different pixels represent the rank probability values of different neuron pairs using the colored scale bar. Each
panel represents records that are made using one stimulation site, containing four RSs, in which two RSs are without the antagonists and the other two are
with the antagonists. From top to bottom, the panels correspond to the stimulation sites S1, S2 and S3, respectively. (b) The correlation coefficients
quantitatively represent the differences between the patterns in panel (a). They also correspond to the stimulation sites S1, S2 and S3, respectively from top
to bottom. Dots represent correlation coefficients between two RSs. For example, the red dots show the correlation coefficient values between the third RS
and all the RSs (including the third RS itself). (c) Each panel shows data obtained from one stimulation site, every black dot represents a recorded neuron.
The neuron numbers are arranged on a circle in the temporal sequence of the first-spikes under the condition without the antagonists, and the sequence is
indicated by the red lines between neurons. The temporal sequence of neurons with the antagonists is indicated by the blue lines. Under each condition, the
bigger dot indicates the neuron which fires earliest, and the terminal of the arrow indicates the neuron which fires the latest. From top to bottom, the
panels correspond to the stimulation sites S1, S2 and S3, respectively.
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as the index to rearrange RPM P 0
k both by rows and col-

umns to obtain a new matrix rearranged rank-probabil-
ity-matrix (rRPM) P ðIkÞ

k . For another RS, RS l, according
to Ik, P 0

l was rearranged to be P ðIkÞ
l . Hence, according to

Ik, a series of RPMs were converted into rRPMs.

3. Results

3.1. Dynamics of the first-spike latencies in the native state

and in the disinhibited state

We constructed return plots of the first-spike latencies
of individual neurons between the consecutive bursts. In
this way, we can examine the dynamics of the first-spike
latencies. If individual neurons play conserved roles in
bursts, then the first-spike latencies of an individual neu-
ron should be conserved from burst to burst and cluster
in a confined region. Moreover, the first-spike latencies
of different neurons should be lined up along the diagonal
of the return plot. For the native state, the first-spike
latencies of different neurons were consistent across the
successive bursts in some degree [r = 0.4202; Fig. 2(a)].
Compared with the native state, the first-spike latencies
in the disinhibited state were more consistent
[r = 0.8190; Fig. 2(b)]. Moreover, the first-spike latencies
of an individual neuron cluster in a smaller confined
region in the disinhibited state compared to the native
state (Fig. 2). This means that individual neurons play
conserved roles in bursts in the disinhibited state more
strictly than in the native state. Furthermore, most of
the first-spike latencies in the native state were in the
range of 0–0.08 s, whereas most of the first-spike latencies
in the disinhibited state were in the range of 0–0.04 s. This
indicates that the propagation of bursting activities in the
disinhibited state is much faster than that in the native
state.

3.2. Spatiotemporal patterns of neuronal first recruitment in
evoked bursts with the antagonists

The rRPMs in Fig. 3(a) represent the rank relationships
between neurons of the six RSs of a network in the disin-
hibited state. In each row of the 6 � 6 format, compared
with the rRPMs on the diagonal, the rank relationship pat-
terns of the same stimulation site are strikingly similar, and
the distribution of colored pixels of the rRPMs of different
stimulation sites is distinctly different. Stimuli from differ-
ent stimulation sites result in distinguishable patterns of
neuronal rank relationships specific to the stimulation sites.
Fig. 3(b) shows the correlation coefficients of RSs of five
different networks. Most correlation coefficients between
RSs of different sites are far below 1.0; and the correlation
coefficients between RSs of the same site are near 1.0. This
means that neuronal networks with disabled inhibitory
synapses can be induced by the electrical stimulation to
generate stable and distinguishable spatiotemporal patterns

of neuronal first recruitment, and the patterns are specific
to the stimulation sites.

3.3. Changes of spatiotemporal patterns of neuronal first

recruitment in evoked bursts caused by the disinhibition

In this part, the data acquired in steps (1) and (2) of the
experimental procedure were analyzed. In the network, for
the stimulation site S1, there was little difference in the spa-
tiotemporal patterns of evoked bursts with and without the
antagonists (top panel, Fig. 4(a)); for the stimulation site
S2, the spatiotemporal patterns of evoked bursts with the
antagonists were distinctly different from the patterns with-
out the antagonists (middle panel, Fig. 4(a)); for the stim-
ulation site S3, the difference in the patterns was
intermediate (bottom panel, Fig. 4(a)). The correlation
coefficients (Fig. 4(b)) quantitatively represent the differ-
ences between the patterns in Fig. 4(a). According to the
sequence of the first-spikes of neurons in the RSs, the spa-
tial propagation of each stimulation site with or without
the antagonists is shown in Fig. 4(c), respectively. The
change of spatiotemporal patterns resulting from the
blockade of inhibitory synapses is obvious.

Furthermore, based on the data from five different neu-
ronal networks, the statistical results of correlation coeffi-
cients between evoked bursts with and without the
antagonists are shown in Fig. 5. The correlation coefficients
between RSs of the same stimulation site without the
antagonists are all near 1.0. That goes for the correlation
coefficients between RSs of the same stimulation site with
the antagonists as well. The correlation coefficients between
the two different conditions are dispersed in the range from
�0.5 to 1.0, which are significantly less than those calcu-

Fig. 5. The correlation coefficients between evoked bursts with and
without antagonists in five different networks. The pharmacological
procedure and the concentration used for each network are the same. BIC
(20 lM), CGP35348 (1 lM) and STR (1 lM) were applied to block the
inhibitory synapses for each network. The red crosses represent the
correlation coefficients between RSs of the same stimulation site without
the antagonists. The green crosses indicate the correlation coefficients
between RSs of the same stimulation site with the antagonists. The purple
crosses represent the correlation coefficients between the two different
conditions.
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lated for RSs under the same condition. The disinhibition
can change the spatiotemporal patterns of neuronal first
recruitment in evoked bursts in a heterogeneous manner
with regard to different propagation pathways.

4. Discussion

Many in vitro experiments indicate that the bursting rate
of networks can be substantially increased by the addition
of bicuculline to the extracellular medium [11,12]. Although
other studies have explored the spatiotemporal relationship
of neuronal activities in networks with disabled inhibitory
synapses, such studies were limited to analyzing the spread
of spontaneous activity and not activities triggered by an
electrical stimulus [7,15]. The effects of bicuculline on the net-
work activity evoked by an electrical stimulation were stud-
ied by several groups. Eytan et al. found that increased
responsiveness to rarely stimulated sites depended specifi-
cally on fast GABAergic transmission and they concluded
that the inhibitory sub-network, excitatory synaptic depres-
sion, and their balance all play active roles in generating
selective gain control [10]. Yvon et al. have also shown that
bursts can be triggered by an external electrical stimulation
in disinhibited cultures, and they also analyzed the factors
affecting the success of stimulation [16]. Li et al. have shown
that the inhibitory connection degrades in an age-dependent
manner in the development of the networks in vitro of disso-
ciated neurons from an embryonic rat hippocampus [17].
Yet, none of these reports address the effect of BIC on the
spatiotemporal patterns of evoked activity.

To recapitulate, in the present study, we analyzed precise
timing of the first-spikes and constructed return plots to
show the timing dynamics of the first-spikes caused by disin-
hibition. This analysis showed that, compared with the
native state, the first-spike latencies in the disinhibited state
are more consistent. In addition, we found that the propaga-
tion of the bursting activities in the disinhibited state is much
faster than that in the native state. Furthermore, we analyzed
rank relationships between first-spikes, and represented the
spatiotemporal patterns of neuronal first recruitment in
bursts as rRPMs, and calculated the correlation coefficients
between the rRPMs. This analysis clearly illustrated the dif-
ferences of spatiotemporal patterns between evoked bursts
of different stimulation sites. The disinhibited neuronal net-
works could be induced by the electrical stimulation to gen-
erate stable and distinguishable spatiotemporal patterns of
neuronal first recruitment, and the patterns were specific to
the stimulation sites. This indicates that excitatory synaptic
transmission is necessary and also sufficient for the initiation
and spread of activity in a network.

To account for why disinhibition may cause the original
spatiotemporal patterns to change in a heterogeneous man-
ner, we note that each propagation pathway is composed
of many excitatory and inhibitory synapses. The number,
efficiency and positions of inhibitory synapses involved in

may vary, causing differences in the extent of inhibitory
synaptic contribution, with different stimulation sites evok-
ing different pathways. As such, when inhibitory activity is
suppressed, different pathways are affected to different
extents, causing heterogeneous changes in the original spa-
tiotemporal patterns.
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