
 

  

Abstract—Recent results indicate that cultures of cortical 
neurons exhibit large amounts of spontaneous modulation. It 
has even been suggested that results obtained earlier could be 
explained by spontaneous development, rather than to be due 
to the external manipulation. This stresses the importance of 
having detailed knowledge of how a culture responds to 
stimulation, in order to discern activity modulation from 
structural plasticity. In this paper we apply several promising 
techniques of electrical stimulation to describe global network 
modulation occurring in these preparations. The results allow 
to anticipate on integration of this work in goal-directed 
stimulus-induced plasticity. 

I. INTRODUCTION 
HE relationship by which activity and structure 
influence each other in developing networks of cortical 

neurons in vitro is the topic of intense study [1-6]. As this 
relationship operates on sub-cellular scales we must resort to 
indirect measurements from these networks to describe this 
relationship. However, in recent years these means to assess 
and probe the structure of a network through its activity 
have evolved rapidly [7-11]. 

Stimulating the culture either chemically or electrically 
during development affects activity and as a result, 
influences the connections that are formed [2, 8, 11]. In 
other words, carefully planned stimulation could provide a 
certain amount of control over the activity side of the 
aforementioned relationship between structure and activity. 
Furthermore the stimulation can be applied as a biologically 
plausible manipulation, as neuronal networks in-vivo are 
incessantly fed by sensory inputs [11]. 

In this paper we report on our recent results obtained 
using electrical stimulation. We study the effects of 
stimulation through changes in the evoked as well as 
spontaneous activity. 

The paper concludes with placing the current descriptive 
work in the context of goal-directed plasticity in the sense of 
the network ‘learning’ as described in [12-14]. 
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II. MATERIALS AND METHODS 

A. Cell cultures 
Culture preparation is described in detail in [5]. Primary 

cortical cultures were produced from brain tissue of rats at 
embryonic day 18 (E18). Cells were dissociated using 
trituration following treatment with trypsin. Cells were then 
plated on Micro-Electrode Arrays –MEAs (MultiChannel 
Systems, Reutlingen, Germany), pretreated with adhesion 
factors poly-D-lysine and laminin. Glia growth was not 
suppressed. We maintained cells in a humidified incubator 
with 5% CO2 and 95% O2. We used a serum-free 
Neurobasal medium, supplemented with B27 and glutamax. 
Under the aforementioned conditions we were able to record 
stable electrophysiological signals over 4-6 weeks. 

B. Data recording and pre-processing 
Extracellular signals were recorded at 10kHz using a 

MEA60 system (MultiChannel Systems, Reutlingen, 
Germany). Single recordings lasted 300s. Spikes were 
detected off-line using a threshold-based algorithm. 

For spike detection and other off-line analysis we used 
our software tool SpikeManager [15], which includes 
several tools developed in MatLab (The Mathworks, Natick, 
MA) for the analysis of electrophysiological data. 

C. Experimental protocols 
We used three main experimental protocols for 

electrically stimulating the cortical cultures: test stimulus, 
paired-pulse stimulation and frequency-sweep stimulation. 
Motivations and details are reported below. 
1) Test Stimulus 

Extracellular voltage stimulation used for testing the 
evoked network response was delivered from a specific 
electrode of the MEA. The train we used as a test stimulus 
consisted of 50 biphasic pulses, 250 µs per phase, positive 
first, delivered at the frequency of 0.2Hz; The peak-to-peak 
amplitude was set at 1.5 V [16]. 
2) Paired-Pulse Stimulation 

In order to investigate whether repetitive activation of 
neuronal circuits can induce changes in dissociated 
networks, we developed two experimental protocols based 
on paired-pulse stimulation [17]: trains of pulses with a 
delay of 125ms (8Hz paired-pulse stimulation) and a delay 
of 66ms (15 Hz paired-pulse stimulation). The two pulses 
were delivered by the same stimulating site and the time 
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interval between the two pulses was kept fixed for the 
duration of the stimulation phase. 
3) Frequency-sweep stimulation  

The frequency-sweep protocols were used to investigate 
the effect of the frequency of stimulation on the bursting 
activity. These protocols derive from those described in 
[11]. In the first protocol we stimulated one electrode 
subsequently at frequencies of 0.2, 0.5, 1.0 and 2.0 Hz 
(single-site stimulation). Stimulation recordings were 
interspersed with 5 minutes of spontaneous activity. For 
each culture, this protocol was repeated at 8 different 
stimulation sites. The stimulation pulse had the same 
characteristics as that used for the test stimulus. 

In the second protocol we selected 7 electrodes for 
distributed stimulation, i.e. the selected electrodes were 
stimulated subsequently, yielding a network-wide 
stimulation frequency of 0.5, 1, 2, 4, 8 or 16 Hz. Again 
stimulated recordings were interspersed with spontaneous 
recordings. Stimulation pulses had the same characteristics 
as that used for the test stimulus. 

D. Data analysis 
1) Burst Analysis 

During development cultures show a broad range of 
network-wide synchronized activity or bursting [3, 5, 18]. A 
burst typically contains a large number of spikes at many 
channels, densely packed together in time. The time between 
individual spikes in a burst, is generally of the order of 
several milliseconds. The burst itself has a duration ranging 
from hundreds of milliseconds to seconds [3]. 

The burstiness index [11] BIα expresses the percentage of 
spikes present in the α% most active time bins of a 
recording. We use a value α=15 and a time resolution of 
100ms. 
2) Post-Stimulus Time Histogram 

The Post-Stimulus Time Histogram (PSTH) [19], allows 
to investigate the mean response of a network to stimulation. 
The PSTH expresses the probability of firing as a function 
of time after a stimulus. 

To construct a PSTH, the culture is repeatedly stimulated. 
The delay of spikes occurring within a given window after a 
stimulation is gathered and combined for all stimulations. 
The histogram of observed delays is the PSTH and 
expresses the mean response over all applied stimulations. 
We use a window size of 400-600ms, and a resolution of 
4ms in the construction of the histogram. We use the mean 
area of the PSTH, averaged over all active channels, as a 
single measure to quantify the response to stimulation. 

III. RESULTS 

A. Spontaneous activity and response to stimulation 
In vitro cortical networks are spontaneously active [5]. 

The firing rate changes during development and it is strictly 
related to the age of the network. We used cultures in the 
range of 19-35 DIV, usually showing a mix of bursting and 

spiking activity (Fig.1). For our analysis we use the active 
electrodes, i.e. exhibiting a mean firing rate of at least 
0.2Hz. 
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Figure 1. Both panels show 2s of activity from the same electrode. Panel A 
shows spontaneous activity comprising a burst in the first second, followed 
by a quiescent period of 0.5s and afterwards tonic firing. Panel B shows a 
stimulus-induced burst. The stimulus artifact is the vertical line in the 
leftmost part of the panel. The culture was 24DIV. 

 
Figure 2. Post-Stimulus Time Histograms (PSTH) of the neural preparation. 
A, B) PSTHs for each recording site, arranged according to the actual 
topography of the MEA electrodes, in a typical experiment. In panels A and 
B, electrodes 17 and 28 are stimulated respectively (see text). The evoked 
response changes in both shape and magnitude when stimulation is 
delivered from different sites. C) Modulation of the mean responses 
obtained by averaging over the active electrodes in a sample experiment. 
Different shapes of the mean PSTH correspond to different stimulating 
electrodes (stimulation-electrode number in parentheses), while the same 
recording electrodes show a reproducible response. 

 
By using localized extracellular voltage stimulation by a 

single electrode of the array, it is possible to control the 
rhythm of electrophysiological activity [20]. In Fig. 2 the 
PSTHs, obtained from signals recorded from all the array 
electrodes, are shown. Samples from the responding 
microelectrodes and occurring in the 600 ms-window after 
the stimulus were used to compute the PSTHs. The 
histograms are arranged over an 8x8 grid (the MEA layout), 
in two different conditions: under the stimulation from site 
17 (first column, seventh row, Fig. 2A) and under the 
stimulation from site 28 (second column, eighth row, Fig. 
2B). 

The network responds to the stimulus in two different 
ways. In one case (Fig. 2A) the network shows primarily the 
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so called delayed response, at about 50-100ms after the 
stimulus. This delayed response could be interpreted as the 
propagation of activity through the entire network using 
numerous recurrent synaptic connections. By changing the 
stimulating site (i.e. 28 instead of 17, Fig. 2B), an early 
response is observed. 

In general, in different preparations it is possible to obtain 
different responses, from the pure early response (the 
majority of the obtained responses) up to the pure delayed 
response, with a multitude of intermediate combinations of 
these two extremes. Fig. 2C shows the mean of PSTHs after 
stimulating 6 different electrodes. These mean network 
responses show different mixtures of early and late 
response. 

B. Paired-Pulse Stimulation 
Since delayed evoked responses usually appear at a time 

distance between 50-100 ms from the stimulus (see par. 
III.A), we investigated what happens when delivering a 
second pulse during the first or the final part of the evoked 
bursts. 

 
Figure 3. Facilitation with paired-pulse protocol (15Hz stimulation). A) The 
superimposed profiles of the PSTH 8x8 map show how the PSTH increases 
during application of the protocol (red trace) with respect to a single 
stimulation (black trace). B) Zoom of the responses obtained at one channel 
(37) in one specific experiment. 
 

The stimulation with the paired-pulse protocol results in 
changes in activity as can be seen in Figures 3 and 4. A 
higher-frequency stimulation results in a facilitation of 
responses to the second pulse (see Fig. 3). If the delay 
between the pulses is increased, facilitation of the response 
to the second pulse is reduced (see Fig. 4).  

C. Frequency-sweep stimulation 
Following the approach proposed in [11], we tested the 

effect of high-frequency stimulation on burst activity. We 
quantify the effect of the two protocols presented in Sec. 
II.D by studying the PSTH area (normalized to the lowest-
frequency response) and the burstiness index. 

Fig. 5A shows the normalized area of the PSTH when 
varying the stimulation frequency. It is evident that for 
higher frequency of stimulation, the size of the response 
decreases. Similar results can also be shown by evaluating 
the burstiness index in Fig. 5B. Fig. 5C is based on the 
distributed-stimulation protocol, and in accordance with [11] 
we obtain a decrease in the burstiness level for increasing 
frequency of stimulation. 

 

 
Figure 4. A,B) Facilitation and depression with paired-pulse stimulation 
(15Hz, red and 8Hz, blue). The profiles of the PSTH show how the low-
frequency response (blue) decreases with respect to high-frequency 
response (red) and apparently returns to that of a single stimulation (black). 
Horizontal timescale is 400ms. Results are quantified by the mean firing 
rate (C) and mean area under the PSTH (D) over all active electrodes. 
Results shown are from a typical culture out of n= 4 in the total experiment. 
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Figure 5. normalized PSTH area (A) and burstiness index (B) when a 
single-site protocol is applied, and (C) burstiness index in the case of 
distributed simulation. Results from both protocols are based on n=4 
cultures (8 in total). PSTH area is computed over 450ms and normalized to 
the response at 0.2Hz. 

IV. DISCUSSION AND CONCLUSION 
The results illustrate the existence of qualitatively 

different responses to stimulation, ranging from an early to a 
late response in the PSTH. Using the same descriptive 
language of PSTHs our results indicate the existence of a 
clear facilitation of responses in the protocol of paired-pulse 
stimulation. Since this latter protocol has been used often in 
attempts to induce plasticity, though primarily outside the 
field of MEAs, knowledge of the behavior of the culture 
during such a protocol is indispensable. 

The frequency-sweep protocols investigated the influence 
of stimulating frequency on network activity. These results 
are relevant when designing protocols to induce changes 
through electrical stimulation. In particular this type of 
protocol can be used as background stimulation for example 
to suppress bursting in the culture. In that way it may also 
provide insight in the maturation of networks in vivo, where 
bursting ceases naturally, possibly caused by external 
sensory stimulation. We successfully replicated earlier 
results in reducing bursting through stimulation. 

These results describe in more detail the activity in a 
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culture when stimulated. When inducing plasticity through 
electrical stimulation one tries to control the activity part in 
the reciprocal relationship between structure and activity as 
mentioned earlier. As our results clearly show, what type of 
activity a protocol of electrical stimulation induces is far 
from trivial. It depends on the location of stimulation as 
shown by the first protocol. Furthermore the frequency of 
stimulation influences the response by facilitating local 
responses to a stimulus arriving shortly after the first. But 
when stimulation persists, a global effect can be seen in the 
network-wide bursting behavior. 

A hypothesized mechanism causing plasticity generally 
entails one or several particular patterns of activity, which 
are contrasted to a control condition, the latter often without 
stimulation. The results of this paper allow to better tailor a 
protocol of stimulation eliciting precisely that activity 
required for activity-induced plasticity. Moreover it allows 
to formulate the additional conditions controlling for the 
concomitant effects of stimulation. 

Furthermore, though we have several methods for 
analysis available, it is clear that beside the need for novel 
protocols of stimulation able to induce plasticity, a potential 
gain resides in improving our ways to describe structure and 
plasticity. In recent papers [5, 10] several authors have tried 
to generalize from correlation-based metrics –such as the 
PSTH, and to use fewer parameters that describe more 
efficiently the observed phenomena. 

In future work we plan to combine experimental work on 
stimulation with modeling techniques in order to be able to 
pinpoint those parameters that coincide optimally with 
development and changes in activity. These parameters will 
then form the basis for the design of experiments that aim to 
induce goal-directed plasticity. 
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