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ABSTRACT

Embryonic stem (ES) cells provide a flexible and unlim-
ited source for a variety of neuronal types. Because ma-
ture neurons establish neuronal networks very easily, we
tested whether ES-derived neurons are capable of gener-
ating functional networks and whether these networks,
generated in vitro, are capable of processing information.
Single-cell electrophysiology with pharmacological antag-
onists demonstrated the presence of both excitatory and
inhibitory synaptic connections. Extracellular recording
with planar multielectrode arrays showed that spontane-
ous bursts of electrical activity are present in ES-derived

networks with properties remarkably similar to those of
hippocampal neurons. When stimulated with extracellu-
lar electrodes, ES-derived neurons fired action potentials,
and the evoked electrical activity spread throughout the
culture. A statistical analysis indicated that ES-derived
networks discriminated between stimuli of different in-
tensity at a single trial level, a key feature for an efficient
information processing. Thus, ES-derived neurons pro-
vide a novel in vitro strategy to create functional net-
works with defined computational properties. STEM
CELLS 2007;25:738 –749

INTRODUCTION

Systems neuroscience aims at understanding how neuronal net-
works operate in a concerted way and, in particular, how infor-
mation is processed [1–8]. A fundamental prerequisite to inves-
tigate how neuronal networks process information is to monitor
simultaneously the electrical activity of a large population of
neurons in the networks. In the last decade, the application of
new electrophysiological and optical techniques in vivo [9–11]
allowed better characterization of the functional properties of
neuronal networks, giving the possibility of studying neural
coding mechanisms, and distributed representations in different
parts of the brain. In this way, it was shown how information
can be encoded in the firing rate of an ensemble of neurons or
in the synchrony of firing [6, 12], in the relative timing of action
potentials (APs) [4, 13, 14], or in the latency of first evoked APs
[8, 15]. However, due to the variability of the experimental
conditions and the intrinsic complexity of the investigated sys-
tem, it is very difficult to obtain a detailed analysis in vivo.
Many of these problems are bypassed by studying neuronal
networks in in vitro cultures, where experimental conditions and
properties can be controlled in a more reliable way. Moreover,
the chronic monitoring and stimulation of in vitro preparations
for long-term periods provides a unique way to investigate
developmental and plasticity mechanisms in a variety of sys-
tems [16–19].

When neurons are isolated and plated on an appropriate
substrate, they readily grow, forming axodendritic arborization
extending up to some millimeters and covered by a large num-

ber of functional synapses [16, 20, 21]. Distribution and cell
types present in cultures are similar to those found in vivo
[22–24], and, although they have lost the original connectivity
of the intact tissue, they represent a good system to study how
neuronal networks operate as a whole under controlled condi-
tions. Multielectrode arrays (MEAs) represent a unique tool to
investigate network dynamics, allowing the recording of the
electrical activity of neuronal networks in both space and time
[25], and have been used widely to characterize the spontaneous
and the evoked activity of neuronal networks [1, 16, 19, 21,
26–33].

The use of ES cells allows the generation of an unlimited
number of different cell types, including neurons [34–41].
Several protocols have been developed to derive neurons from
ES cells in vitro [36, 38, 42], and some differentiation proce-
dures allow the selective derivation of specific neuron types [38,
43–46]. Electrophysiological data from ES-derived neurons
with different protocols validate their functional differentiation
[34, 38, 41, 47–51], as well as the formation of synapse between
ES-derived neurons [52] or between an ES-derived neuron and
a mature neuron in organotypic slices [53] or in vivo [38, 54,
55]. ES cells provide a source of specialized cells for regener-
ative medicine [56–60], and it has been shown that ES cells or
ES-derived neuronal precursors can incorporate into the nervous
system and differentiate into neurons and glia [55, 61–64].
However, little is known of the capability of ES-derived neurons
to form functional networks and their properties. Because the
main function of neurons is communication, we decided to test
the ability of ES-derived neurons to form functional networks
and, in particular, to process information reliably.
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In the present work, by combining intracellular recordings
and extracellular recordings obtained with MEAs, we have
analyzed how and to what extent ES cells form functional
networks in vitro, and compared the properties of these net-
works with those of dissociated hippocampal neuronal networks
[1]. ES-derived networks exhibited spontaneous activity, similar
to that observed in primary networks in vitro [16, 19, 31, 65].
When stimulated with extracellular electrodes, ES-derived neu-
rons fired action potentials, and the evoked electrical activity
spread throughout the culture. A statistical analysis of the pat-
tern of firing indicates that ES-derived networks have properties
similar to those of primary adult neurons and can process
information in a reproducible way in different trials; therefore,
ES-derived networks behave as reliable computing elements.

MATERIALS AND METHODS

Neuronal Culture Preparation
Hippocampal neurons from Wistar rats (P0-P2) were prepared as
previously described [33]. Cells were plated on polyornithine/ma-
trigel precoated MEA [33] at a concentration of 8 � 105 cells/cm2

and maintained in minimal essential medium with Earle’s salts
(Invitrogen Corp., Carlsbad, CA, http://www.invitrogen.com) sup-
plemented with 5% fetal calf serum, 0.5% D-glucose, 14 mM Hepes,
0.1 mg/ml apo-transferrin, 30 �g/ml insulin, 0.1 �g/ml D-biotin, 1
mM vitamin B12, and 2 �g/ml gentamycin. After 48 hours, 5 �M
cytosine-�-D-arabinofuranoside (Ara-C) was added to the culture
medium to block glial cell proliferation. Half of the medium was
changed twice a week. Neuronal cultures were kept in an incubator,
providing a controlled level of CO2 (5%), temperature (37°C), and
moisture (95%). In all experiments, hippocampal cells were used
after 3 weeks in culture.

ES-Derived Neuron Differentiation
ES cells were induced to differentiate into neurons using the pro-
tocol for GABAergic neurons described in Barberi et al. [43], only
slightly modified. Undifferentiated BF1/lacZ ES cells were plated
on mitomycin-treated MS5 cells as single-cell suspension at a
density of 250 cells/cm2 in Knockout Serum Replacement (KSR)
medium and cultured for 6 days. The ES-derived epithelia structures
were then mechanically separated from MS5 cells monolayer, by
flushing Hanks’ balanced salt solution through the pipette tip near
the colony. The detached ES cells colonies were resuspended with
KSR medium and plated on polyornithine-fibronectin-coated
dishes. After 2–3 hours, the medium was changed with N2 medium
containing basic fibroblast growth factor (bFGF) 10 ng/ml and 1
�g/ml fibronectin (amplification medium), and cells were induced
to proliferate in presence of bFGF for 4 days. During the last 2 days,
200 ng/ml Sonic Hedgehog (SHH) and 100 ng/ml fibroblast growth
factor (FGF)8 were added as patterning factors. Cells were then
trypsinized and plated on polyornithine-laminin-coated MEA plates
or glass coverslips in N2 medium containing 10 ng/ml brain-derived
neurotrophic factor, 10 ng/ml NT4, and 1 �g/ml laminin (differen-
tiation medium). Half of the differentiation medium was then
changed twice a week. The postmitotic neurons were maintained in
culture up to 10 weeks. All recombinant proteins were from R&D
Systems (Minneapolis, http://www.rndsystems.com/).

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde containing 0.15% picric
acid (in phosphate-buffered saline [PBS]), saturated with 0.1 M
glycine, permeabilized with 0.1% Triton X-100, saturated with
0.5% bovine serum albumin (BSA) in PBS and then incubated for
1 hour with primary antibodies. The primary antibodies were (a)
rabbit polyclonal antibodies: against GABA, serotonin, CaMKII (all
from Sigma Chemicals, St. Louis, http://www.sigmaaldrich.com/),
and tyrosine hydroxylase (TH; Pel Freeze, Rogers, AR, http://www.
pelfreez-bio.com/); (b) mouse monoclonal antibodies: TUJ1 (Co-
vance, Berkeley, CA, http://www.crpinc.com), GFAP (Sigma

Chemicals), nestin (Chemicon, Temecula, CA, http://www.chemi-
con.com/); and (c) guinea pig polyclonal antibody against
V-GLUT2 (Chemicon).

The secondary antimouse fluorescein isothiocyanate (FITC)
and anti-rabbit-tetramethylrhodamine isothiocyanate (TRITC) anti-
bodies were from Sigma (Sigma Chemicals), goat anti-mouse im-
munoglobulin (Ig) G1-FITC and IgG2a-TRITC were from Southern
Biotech (Birmingham, AL, http://www.southernbiotech.com/), anti-
guinea pig-488 Alexa (Molecular Probes). Total nuclei were stained
with 2 �g/ml in PBS Hoechst 33342 (Sigma Chemicals).

Electrophysiological Recordings
Dissociated hippocampal and ES-derived neuronal cultures were
transferred in a recording chamber, perfused in Ringer’s solution
(145 mM NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 5 mM
glucose, 10 mM Hepes; adjusted to pH 7.3 with NaOH) and visu-
alized with an upright microscope (Olympus) with differential in-
terference contrast optics. Patch-clamp recordings were performed
with an Axoclamp 2-B amplifier (Axon Instruments/Molecular De-
vices Corp., Union City, CA, http://www.moleculardevices.com).
Experiments were performed at room temperature (20°C–22°C).
Electrodes were pulled (Narishige, Tokyo, http://www.narishige.co.
jp/main.htm) and filled with an intracellular solution containing 120
mM potassium-gluconate, 10 mM sodium-gluconate, 10 mM
Hepes, 10 mM sodium-phosphocreatine, 4 mM MgATP, 4 mM
NaCl, 2 mM Na2ATP and 0.3 mM Na3GTP (adjusted to pH 7.3 with
KOH); in these conditions, the electrode resistance was 15–20 M�.
To enhance the driving force for chloride currents, some experiment
were performed in symmetrical chloride conditions by substituting
potassium-gluconate with KCl in the pipette solution; in these
conditions, the resistance of the electrodes was 5–10 M�. The data
were digitized at 20 kHz (Digidata 1200, Axon Instruments) and
analyzed using pClamp9 software (Axon Instruments). Values of
membrane potentials were corrected for the effects of liquid junc-
tion potential during seal formation.

Pharmacological identification of postsynaptic responses was
performed by application of the following synaptic blockers: 30 �M
D-AP5, 20 �M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX); 10
�M SR-95531 (gabazine). All reagents were purchased from Tocris
(Bristol, United Kingdom, http://www.tocris.com/).

MEA Electrical Recordings and
Electrode Stimulation
ES-derived neurons cultured on MEAs, were kept in an incubator
with a controlled level of CO2 (5%), temperature (37°C), and
moisture (95%). Before electrical recordings, dishes were sealed
with a cap distributed by MultiChannel Systems (Reutlingen, Ger-
many, http://www.multichannelsystems.com/) to reduce gas ex-
change and eliminate evaporation and contamination and trans-
ferred from the culture incubator to a different incubator with
controlled CO2 (5%), and temperature (37°C) where the electrical
recording system was placed. Before starting the recordings, the
neuronal culture was allowed to settle for approximately 30 min-
utes. After termination of the experiment, usually after 2–3 hours,
the medium was changed, and the dish was moved back to the
incubator.

MultiChannel Systems commercially supplied the multielec-
trode array system used for electrophysiology. MEA dishes had
10 � 6 TiN electrodes with an interelectrode spacing of 500 �m,
and each metal electrode had a diameter of 30 �m. The MEA is
connected to a 60-channel, 10–3-kHz bandwidth preamplifier/filter-
amplifier (MEA 1,060 AMP), which redirects the signals toward a
further electronic processing (i.e., amplification and analog to dig-
ital [AD] conversion), operated by a high-performance computer.
Signal acquisitions are managed under software control, and each
channel was sampled at a frequency of 20 kHz. One electrode was
used as ground. Sample data were transferred in real time to the hard
disk for off-line analysis. Each metal electrode could be either used
for recording or for stimulation. The voltage stimulation used con-
sisted of bipolar pulses lasting 100 �s at each polarity, of amplitude
varying from 200 to 900 mV, injected through a single channel of
the STG1004 Stimulus Generator [66]. The voltage pulse generated
by the STG1004 was applied in parallel with the set of electrodes
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manually selected for stimulation (simultaneous multisite stimula-
tion). An artifact lasting 5–20 ms, caused by the electrical stimula-
tion, was induced on the recording electrodes but was removed from
the electrical recordings during data analysis [33, 67]. For each
stimulus, the culture was stimulated for 100 trials every 4 seconds.

Data Analysis
Acquired data were analyzed using MATLAB (The Mathworks,
Inc., Natick, MA, http://www.mathworks.com/). For each individ-
ual electrode, we computed the SD (�) of the noise, which ranged
from 3 to 6 �V, and only signals crossing the threshold of �5�
were counted as APs and used for data analysis. AP sorting was
obtained by using principal component analysis and open source
toolboxes for the analysis of multielectrode data [68] with MAT-
LAB. To quantify the amount of small amplitude spikes, a fixed
threshold of �50 �V was used, and the number of APs recorded
was then compared with that obtained with a threshold of �5�. The
firing rate (FR(t)) of Figure 3B and the probability distribution of
the number of spikes per bin of Figure 4A and 4B were computed
by counting the number of spikes recorded by the whole MEA in
time bins of 250 ms. To compute the average firing rate (AFR) of
the neurons, peristimulus time histograms (PSTHs) were calculated
for the sorted neurons (Fig. 6A, 6C) using a 10-ms time bin, where
time 0 ms corresponds to the delivery of the stimulation. Similarly,
when APs recorded by the whole array of electrodes were pooled,
the array PSTHs (APSTHs) were calculated (Fig. 6B, 6D). The
coefficient of variation (CV) of any variable analyzed is the SD over
the mean of the variable. To test the difference of firing between the
spontaneous activity and the activity after the extracellular stimu-
lation, we considered the number of APs, respectively, in the 50 ms
preceding and in the 50 ms after the stimulus. To test the significant
difference in the variation between the two quantities, we used
one-way analysis of variance.

Calculation of the Mutual Information
With the aim of decoding the stimulus intensity, we considered the
array response (ARt). We used information theory [69] and, in
particular, mutual information to estimate the amount of informa-
tion that can be decoded in different time bins (i.e., varying t) and
for different extents of pooling (i.e., different numbers of elec-
trodes). In particular, the mutual information was calculated as
follows:

It � It(R, S) � �
s�S

p(s)�
r�R

pt (r �s) � log2 (pt(r �s)/pt(r))

where

pt(r) � �
s�S

p(s) � pt(r �s)

It quantifies in bits the amount of information that a single response,
r, (i.e., ARt,) provides about the intensity of the stimulus, s. pt(r) is
the total probability of observing the response r considering the time
bin 0 to t ms after the stimulus, averaged over all stimuli. In our
case, all stimuli occurred with equal probability, p(s). In order to
minimize the effects of finite sample size on our estimates of
information, the real response r has been binned into different
intervals, following the methods of Panzeri and Treves [70].

Calculation of Correlation
The degree of correlation of firing in the network was measured
comparing the multiunit recordings of pairs of electrodes. The
spontaneous activity was recorded for approximately 30 minutes
and, to convert it into a time series (SA1, . . . , SAn), it was binned
into firing rate with a bin width �t. For each pair of electrodes (i, j),
the cross-correlation �i,j between the time series (SAi1, . . . , SAin;
SAj1, . . . , SAjn) was calculated according to the equation:

�i, j �

�
n�1

N

(SAin � � SAi�)(SAjn � � SAj�)

���
n�1

N

�SAin � � SAi�	2���
n�1

N

�SAjn � � SAj�	2�
and the average cross correlation 
�� over all the possible pairs of
electrodes was calculated. The cross-correlation analysis for the
spontaneous activity shown in Figure 4 was obtained varying the
size of the bin width �t.

RESULTS

Differentiation of ES Cells
Neuronal differentiation was induced by coculturing ES cells on
MS5 murine bone marrow-derived stromal cells as described in
Barberi et al. [43]. ES cells seeded at low density on this feeder
layer and exposed to serum replacement medium formed small
epithelial structures, so that after 6 days many cells in the structure
were positive for nestin, a marker for precursors (Fig. 1A; Barberi
et al. [43]). For further propagation and selection, these structures
were detached from the MS5 feeders, transferred, disaggregated,
plated on polyornithine-fibronectin coated dishes, and propagated
in the presence of bFGF. After a few days, almost all of the cells
were positive for nestin (Fig. 1A, right panel).

Removal of bFGF and addition of specific neurotrophins al-
lowed differentiation to occur. Figure 1B compares the expression
of different markers in ES-derived neurons at 3 weeks of differen-
tiation, with dissociated hippocampal cells cultivated for 3 weeks.
ES-derived neurons expressed the postmitotic neuronal marker
�-tubulin III starting from 3 days after differentiation induction,
and this marker was present throughout the observation period
(TUJ1-positive). Of these postmitotic neurons, approximately 30%
were GABAergic (positive to GABA), less than 5% were dopami-
nergic (positive for tyrosine hydroxylase) and very few (less than
1%) serotonergic (positive for 5-HT). The remaining neurons were
glutamatergic (positive CaMKII or vesicular glutamate transporter
2 [VGLUT2]). Very few astrocytes (cells positive for GFAP) were
observed during the first week, whereas their percentage progres-
sively increased, reaching approximately 50% of the population at
4 weeks of differentiation. An increase in glial cells reflected the
prolonged period of in vitro differentiation required for network
formation. Increased numbers of GFAP� cells over time is in
agreement with in vivo developmental progression and with neural
stem cell differentiation studies in vitro [69, 70]. In the hippocam-
pal culture, the fraction of glial cells was approximately 20%
during the observation period. Approximately 10% of the neurons
were GABAergic, and approximately 90% were glutamatergic
(positive to VGLUT2); no serotonin or dopaminergic neurons were
detected. (Fig. 1 and [1]).

To confirm that differentiation of ES cells produced func-
tional neurons, intracellular recordings with patch pipettes were
performed at 7, 14, 21, and 28 days after differentiation induc-
tion (41 cells). The resting membrane potential was �43 � 4
mV after 1 week (n � 8), and increased to �68 � 7.8 mV after
3 weeks (n � 13). In the control hippocampal cells, the resting
membrane potential was �63 � 5.9 (n � 18). The input
resistance was 2 � 1.3 G� during the first week, and decreased
subsequently to 1.4 � 0.6 G� in the ES-derived neurons. In the
control hippocampal cells, the input resistance was 0.4 � 0.1
G�. After 1 week, a depolarizing current pulse evoked, at most,
one AP with mean amplitude of 12.9 � 5 mV SD (n � 8). After
2 weeks of differentiation, ES-derived neurons produced APs
with amplitude of about 50 mV, but a tonic discharge of APs
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was evoked only in one of eight cells analyzed. After 3 weeks,
4 of 12 cells fired trains of APs, and after 4 weeks, 9 of 13 cells
discharged APs in a sustained way, but neurons with a transient
firing were still observed.

Examples of current-clamp recordings of ES-derived neurons
at 7, 14, 21, and 28 days of differentiation are shown in supple-
mental Figure 1. After 4 weeks of differentiation, in some cells, a
depolarizing current pulse did not evoke APs, and voltage clamp
recordings from these cells indicated the presence of voltage gated
K� currents but not of Na� current (not shown). As the percentage
of glial cells in the culture increased with time, these recordings
were presumably obtained from glial cells.

The basis of network connectivity is the formation of func-
tional synapses among different components. Therefore, we

analyzed pharmacologically the different transmitters contribu-
tion to spontaneous postsynaptic events.

Starting from 14 days of differentiation, in most cultures,
intracellular recordings showed both excitatory and inhibitory
spontaneous synaptic activity (Fig. 2). The identification of
inhibitory synaptic contributions was performed by current-
clamp whole-cell patch-clamp recordings. To enhance the con-
tribution of chloride currents, some experiments were performed
in symmetrical chloride conditions, where chloride mediated
synaptic events result as depolarizing potentials. Addition of
glutamate receptor blockers D-AP5 (30 �M) and CNQX (20
�M) allowed isolating inhibitory contributions. At resting po-
tential, the cells showed strong spontaneous depolarizing events
that could trigger action potential initiation (Fig. 2A, left trace).

Figure 1. Cellular composition of ES-derived and hippocampal cultures. (A): Embryonic stem (ES) cells grown on MS5 cells feeder in KSR medium
at day 4 (left) and day 6 (middle); nestin-positive neural precursors (right). (B): ES-derived neurons at 3 weeks of differentiation stained with
anti-�-tubulin III (TUJ1), glial cells (GFAP positive), GABAergic neurons (GABA positive), glutamatergic neurons (CaMKII positive), dopaminergic
neurons (TH positive), and serotonergic neurons (5-HT positive). (C): Immunofluorescence analysis as in B for the hippocampal neurons kept 3 weeks
in culture. Glutamatergic neurons are marked with anti-VGLUT2 antibody. (D, E): Double staining of neurons (TUJ1) and glia (GFAP) with total
nuclei marked by Hoechst 33342 in ES-derived neurons and hippocampal neurons respectively. Scale bar � 50 �m. Abbreviations: ES, embryonic
stem; GFAP, glial fibrillary acidic protein; 5-HT, 5-hydroxytryptophan; TH, tyrosine hydroxylase.
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Further addition of the GABA-A antagonist SR-95531 (gaba-
zine, 10 �M) completely canceled this spontaneous activity
(Fig. 2A, right trace; n � 3). These results demonstrate the
contribution of GABAergic transmission in the spontaneous
activity of ES-derived neurons. The averaged membrane poten-
tial before application of gabazine (Fig. 2A, left trace) calcu-
lated in a time window without occurrence of APs was �56 �
5.4 mV, whereas after the application of gabazine, the averaged
value in a time window of the same duration was �70 � 1.1
mV. The decrease in the SD reflected the block of chloride-
mediated depolarization after gabazine treatment.

Further evidence for inhibitory contributions in the sponta-
neous synaptic activity could be found by recording the cells in
voltage clamp conditions with potassium-gluconate based intra-
cellular pipette solution (see Materials and Methods; Fig. 2B).
By clamping the cell at �50 mV, spontaneous occurring out-
ward currents were recorded at a frequency of approximately 1
Hz (Fig. 2B, arrows). Subsequent application of gabazine com-
pletely prevented the occurrence of such events.

Excitatory synaptic input was also present in the spontane-
ous activity (Fig. 2C, control). Application of gabazine in po-
tassium-gluconate-based intracellular pipette solution to block
inhibition both isolated excitatory contributions in whole-cell
patch-clamp recordings and increased the synaptic coupling
among the neurons participating to the network. This resulted in

synchronous excitatory synaptic inputs in the recorded cells,
often triggering bursts of APs (Fig. 2C, gabazine). In these
conditions addition of glutamate receptor blockers D-AP5 and
CNQX completely abolished the occurrence of such events (Fig.
2C, AP5; CNQX) that reappeared after wash out (Fig. 2C, wash
out; n � 3).

The same experiment was also performed in hippocampal
cells, and data are shown in Figure 2D (n � 3). These results
show the presence of inhibitory and excitatory synaptic contri-
butions for both ES-derived and hippocampal neurons. How-
ever, difference in the firing pattern between the two networks
was observed. In particular, the duration of the burst in the
ES-derived neurons was significantly longer (13.4 � 5.2 sec-
onds) than the hippocampal bursts (3.5 � 1.3; Student’s t-test
p 
 .0005).

Spontaneous Activity of Maturing
ES-Derived Neurons
Spontaneous activity is a common characteristic of developing
neuronal networks both in vivo and in vitro, which is believed
to play an important role in network development [16, 19,
73–76]. To evaluate the distribution and propagation of the
spontaneous activity in ES-derived neuronal culture, neuronal
precursors were plated and induced to differentiate directly on
the MEA. In parallel, hippocampal networks grown on MEA

Figure 2. Electrophysiological and pharmacological identification of spontaneous synaptic inputs. (A): Whole-cell current-clamp patch-clamp
recording at 0 bias current of an embryonic stem cell (ES)-derived neuron in presence of D-AP5 (30 �M) and CNQX (20 �M). The recording was
performed in symmetrical chloride conditions in order to enhance the contribution of chloride currents (first trace). Addition of gabazine (10 �M)
abolished the spontaneous activity, with a hyperpolarizing effect on the membrane potential (second trace). (B): Spontaneous outward (arrows) and
inward currents were observed in voltage clamp recordings at �50 mV with potassium-gluconate-based pipette solution. Traces in left column are
representative of control conditions, showing both outward and inward currents. Addition of gabazine completely prevented outward currents, but did
not influence inward currents occurrence (representative traces in right column). (C): Spontaneous activity of ES-derived neuron recorded in current
clamp at 0 bias with potassium-gluconate-based pipette solution (first trace). Application of gabazine synchronized excitatory synaptic inputs with
consequent onset of bursts of action potentials (second trace). Further application of D-AP5 and CNQX completely abolished the occurrence of bursts
(third trace). After wash out, bursting activity regenerated (last trace). (D): Hippocampal neuron spontaneous activity recorded in current clamp at
0 bias with potassium-gluconate-based pipette solution (first trace); effect of gabazine (second trace); effect of further addition of D-AP5 and CNQX
(third) trace; and wash out (last trace). Traces scale as in C.
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were analyzed for comparison. After 1 week of differentiation of
ES-derived neurons on the MEA, it was possible to record the
extracellular voltage signals with a shape very similar to those
observed in cultures obtained from neonatal hippocampal rat
neurons (supplemental Fig. 2). Extracellularly recorded APs
varied in a number of active sites and amplitude of spikes in
different cultures because it depends on the quality of the
contact of the cells with the electrodes. Figure 3 illustrates the
spontaneous activity of ES-derived networks (3A and 3B) and
of hippocampal networks (3C and 3D). Simultaneous extracel-
lular recordings are shown in Figure 3A and 3C for ES-derived
and hippocampal networks, respectively. The spike trains of
ES-derived neurons contained a greater proportion of small
spike amplitudes than present in hippocampal ones (Fig. 3A,
3B). In fact, less than 5% (4.22% � 0.57%) had amplitude
higher than 50 �V (see Materials and Methods) although am-
plitude as large as 100 �V could be observed. In the hippocam-
pus, the percentage of spikes with amplitude higher that 50 �V
was more than double (10.14% � 2.22%) and spikes could
reach 200 �V.

APs were detected on different electrodes, and bursts of APs
recorded simultaneously from several electrodes invading the
entire network were often observed. The global electrical
activity of the network was described by computing the firing
rate of the entire network FR(t) (see Materials and Methods)
counting the total number of recorded APs in a given bin width.
As shown in the upper panels of Figure 3B and 3D, the FR(t)
of both ES-derived and hippocampal networks had large peaks
corresponding to the simultaneous firing of several neurons,
separated by periods where only occasional APs were ob-
served. The global electrical activity of the network can also be
visualized by considering raster plots, where a dot represents
the occurrence of an AP, of several electrodes. Raster plots
from ES-derived and hippocampal networks are shown on the
bottom panel of Figure 3B and 3D, respectively. In raster
plots, a vertical black line indicates that APs were recorded
simultaneously from all, or most, extracellular electrodes of the
MEA.

A comparison between the FR(t) and raster plots from
ES-derived and hippocampal networks shows that, in both net-

Figure 3. Multielectrode recording of spontaneous activity of an embryonic stem cell (ES)-derived network at 25 days of differentiation. (A):
Snapshot of 1 second of spontaneous activity at selected electrodes of the multielectrode array (MEA) during a burst. (B): Temporal analysis of 2
minutes of spontaneous activity. Upper panel: 2 minutes of global activity of the network; firing rate (number of action potentials [APs] in a bin width
of 250 ms) recorded by all electrodes of the MEA. Lower panel: spontaneous activity recorded by each single electrode in time bins of 250 ms; the
intensity of the activity at the electrode in a particular time bin is represented in grayscale (see Materials and Methods). (C) and (D) represent the
same analyses as in (A) and (B) for a hippocampal network after 3 weeks in culture.
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works, large bursts of simultaneous activity were observed. The
size of these bursts was random and did not have any regular
structure. These bursts did not have any obvious periodicity,
and their occurrence could not be predicted. We observed
spontaneous activity in these cultures (n � 5) for more than
2 months and, in one case, up to 3 months. Although the
firing pattern of both types of networks was quite similar, the
spontaneous activity baseline was slightly higher in ES-
derived networks than in hippocampal networks (compare
upper panels of Fig. 3B and 3D). This was likely due to the
presence of a tonic firing of small amplitude, resulting in rare
periods of quiescent activity (compare bottom panels of Fig.
3B and 3D). This tonic firing of small amplitudes spikes (Fig.
3A) was reminiscent of that of immature hippocampal net-
works (data not shown).

To further investigate the firing pattern of both networks, the
firing rate was binned and the probability distribution of the
number of spikes and active electrodes present in each bin was
computed (see Materials and Methods). Both networks had a
probability distribution of the number of spikes per bin fitted by
lognormal distributions (Fig. 4A and 4B), indicating the pres-

ence of multiplicative effects [77] among the firing pattern of
individual electrodes, broadening the range over which large
numbers of spikes per bin can be observed.

The lognormal fit, characterized by a long right tail, also
excluded a random firing pattern typically described by Poisso-
nian distributions [78]. Moreover, the presence of tonic firing in
ES-derived networks was further revealed by the presence of a
peak in the lognormal distribution, centered on the number of
active electrodes. This means that at least one spike was present
in each bin most of the time, in contrast to hippocampal net-
works, where small numbers of spikes fired in each time bin
have the highest probability.

Although the network firing pattern was not random and
was dependent of multiplicative interactions among neurons, the
number of active electrode in each bin followed a Poissonian
distribution (Fig. 4A and 4B, insets), suggesting that the pattern
of active electrode in during each time bin occurred at random.
In both network types, cooperative effects between neurons
recorded at distant electrodes were also indicated by their high
cross-correlation coefficient (Fig. 4C).

Figure 4. Correlated firing. (A, B): Probability distribution of the number of spikes per bin (250 ms) in the hippocampal- and embryonic stem cell
(ES)-derived networks, respectively. Both networks are fitted by a lognormal distribution (solid line) and not by a Poissonian distribution (dashed
line), as expected in the case of random firing among neurons. The skewed lognormal distribution and its long right tail account for the presence of
few large bursts, containing several hundreds of spikes, and occurring in both networks. Insets: probability distribution of the number of active
electrodes per bin. The dashed line represents a Poissonian fit, indicating that the pattern of active electrodes in each time bin occurs at random. (C):
Examples of cross correlation between couple of electrodes 1 mm apart, in the hippocampal- (top panel) and ES-derived networks (bottom panel).
(D): Dependency of the network cross correlation on the bin size used for both ES-derived networks (filled circle) and hippocampal networks (open
diamond).

744 ES-Derived Neuronal Networks

D
ow

nloaded from
 https://academ

ic.oup.com
/stm

cls/article/25/3/738/6415645 by guest on 18 N
ovem

ber 2022



The degree of connectivity within the network was quanti-
fied by computing the network correlation, defined as the aver-
age cross-correlation 
�� among electrical recordings from
active electrodes (i.e., exhibiting evident APs; see Materials and
Methods). As shown in Figure 4D, 
�� increased with the size
of the bin width (i.e., the size of the time window over which
correlations were considered). For small values of the bin width
(i.e., less than 20 ms), the value of 
�� was lower than 0.1,
indicating that spontaneously occurring APs were almost com-
pletely uncorrelated on a short time scale. At larger bin width
(around 200 ms), as there is an increasing number of observa-
tions per bin, there is an increasing probability of observing
correlations, and the value of 
�� increased to approximately
0.5 in both networks. This observation indicates a larger corre-
lation of spontaneously occurring APs on a longer time scale.
The dependence of 
�� on the used bin width is a consequence
of the biophysical mechanisms underlying synaptic transmission
and the generation of APs [1]: synaptic release and AP initiation
in different neurons is statistically independent at the ms level,
but becomes correlated in the presence of a common input
lasting some hundreds of milliseconds.

Spread of the Evoked Electrical Activity in
the Network
The propagation of electrical excitation in a network is a proof
of the presence of chemical and electrical synaptic pathways and
of functional network formation as has been previously shown
in different studies on hippocampal [33] and cortical networks
[20, 79, 80].

Therefore, the spread of the evoked activity was studied
in ES-derived network cells cultured on MEA. Electrical activ-
ity was evoked by delivering brief voltage pulses to the extra-
cellular electrodes of the MEA (see Materials and Methods)
These voltage pulses induced a transient depolarization of neu-
rons in good electrical contact with the stimulating electrode,
possibly triggering the initiation of an AP. When a bar of
electrodes was stimulated (black squares in the grid of Fig. 5),
APs were evoked in neurons on nearby electrodes with a latency
of some milliseconds. These evoked APs propagated over al-
most the entire network, with a progressively longer delay
(Fig. 5A). The latency of the first evoked AP at electrodes near
the stimulating bar, as the one indicated by the number 1 was
less than 10 ms. Clear burst of evoked APs at electrodes more
than 3 mm from the stimulating electrodes, as electrodes 14, 15,
and 16 were observed. The latency of the first evoked APs at
these more distant electrodes was around 40 ms. The results
shown here are very similar to those previously described for
hippocampal cultures [1, 33] and for cortical cultures [17, 21,
81].

The variability of the evoked electrical response was char-
acterized by computing the peristimulus time histograms, ob-
tained by averaging evoked response over 100 repetitions of the
same stimulus (Fig. 5B). The peak of the PSTH of the activity
recorded on more distant electrodes occurred at progressively
longer times: at a distance of approximately 2,000 �m from the
stimulating electrodes, the peak amplitude of the PSTH occurred
with a delay of approximately 40 ms from the stimulus. The
evoked response was usually composed of a first reproducible

Figure 5. Evoked electrical activity in embryonic stem cell (ES)-derived networks. (A): Examples of extracellular voltage recordings after the
stimulation of a bar of electrodes (black line in the scheme on the right) with a bipolar voltage pulse of 900 mV. (B): Peristimulus time histogram
(PSTH) of the evoked activity from 16 electrodes of the multielectrode array (MEA). The thin vertical line indicates the stimulation artifact. Data
averaged over 100 repetitions of the same stimulation.

745Ban, Bonifazi, Pinato et al.

www.StemCells.com

D
ow

nloaded from
 https://academ

ic.oup.com
/stm

cls/article/25/3/738/6415645 by guest on 18 N
ovem

ber 2022



AP, occurring with a similar timing in every trial, followed by
less reproducible APs (Fig. 5B), as previously described for
cortical networks [81]. The standard deviation of the latency of
the first evoked AP, usually referred to as its “jitter,” was used
to measure the reproducibility of the evoked AP. A significant
correlation between jitter and latency of the first evoked AP was
observed in ES-derived networks (� � .63, n � 4; supplemental
Fig. 3A) similarly to what observed in hippocampal networks
(� � .8, n � 5; supplemental Fig. 3B and Bonifazi et al. [1]).
The average latency increased with the physical distance be-
tween the recording electrode and the stimulating electrodes in
both ES-derived and in hippocampal networks. The maximal
speed of AP propagation was approximately 400 mm/s in both
ES-derived and in hippocampal networks (supplemental Fig.
3C, 3D; Bonifazi et al. [1]).

The results shown in Figure 5 and in supplemental Figure 3
indicate that the evoked electrical activity in ES-derived net-
works spread with properties that are very similar to those
observed in hippocampal networks.

Reproducibility of the Response and
Information Processing
Neurons under certain network conditions fire APs in a poorly
reproducible way, and, in particular, neurons receiving the same
stimulation in different trials fire a variable number of APs or
the same number of APs but with a different timing [1, 82, 83].
In most trials, the first evoked AP occurred with approximately
the same latency, and it is considered reliable [1, 81]. Variability
is characterized by repeatedly applying the same stimulation and
analyzing the evoked average firing rate and the corresponding
coefficient of variation (CV � �AFR/AFR) defined as the ratio
between the standard deviation of the AFR (�AFR) and the AFR
itself. As shown in Figure 6A, for selected individual ES-
derived neurons, the CV (black dots) of the AFR (white bars)
was rarely lower than 0.5, indicating that the evoked electrical
activity was not reproducible.

The variability of the evoked electrical activity can be
significantly reduced when several neurons are considered, and
evoked APs are averaged or pooled together [1, 15, 82, 84].
When APs recorded from all the active electrodes (i.e., therefore
from an ensemble of more than 30 ES-derived neurons) were
pooled, the CV of the evoked activity was lower than 0.5 for 60
ms (Fig. 6B). A similar behavior was observed when the firing
of individual hippocampal neurons was analyzed (Fig. 6C) and
when their evoked electrical activity was pooled together, as
shown in Figure 6D.

Functional neuronal networks can process information by
encoding important features of the stimulus, such as its
intensity [1]. Therefore, coding of stimulus intensity in ES-
derived networks was investigated at the level of a single
neuron or when APs from a population of cells were pooled.
The same analysis was carried out in hippocampal networks
(Fig. 7). Because pooling APs in ES-derived neurons exhib-
ited a reproducible response (CV 
 0.5), we investigated
whether ES-derived networks distinguish the stimulus inten-
sity, as observed in hippocampal networks [1]. Voltage
pulses of different intensities were applied to the same row of
electrodes. Raster plots of the evoked electrical activity from
four distinct electrodes are shown in the four columns of
Figure 7A. Similar data obtained from hippocampal networks
are shown for comparison in Figure 7D. In both networks, by
increasing the intensity of the voltage pulse from 300 – 600 to
900 mV, the number of APs recorded on each electrode
increased, and the evoked APs became more frequent and

more reliable. When the evoked electrical activity among
several dozens of ES-derived neurons was pooled, it was
possible to reliably distinguish the three stimulus intensities.
As shown in Figure 7B, the histograms of the evoked elec-
trical activity from about three dozen of neurons for the three
voltage stimuli were well separated. Therefore, ES-derived
networks were able to distinguish the stimulus intensity as
hippocampal networks do (Fig. 7E). To quantify the ability of
ES-derived networks to process information, we computed
the mutual information IM, calculating the amount of infor-
mation that could be decoded. As shown in Figure 7C, IM
depended on the considered bin width and the size of neuro-
nal pooling. With a bin width of 35 ms, and by pooling the
electrical activity from 20 electrodes, approximately 1.3 bits
of information were extracted from a theoretical maximum of
1.52 bits.

Similar results were obtained in hippocampal networks,
where a maximum of 1.4 bits could be extracted by using a bin
width of 25 ms and pooling the activity over 20 electrodes.
These results show that ES-derived networks possess some
basic computational properties, as we previously demonstrated
for hippocampal networks [1].

DISCUSSION

In the present article, we provide the first investigation to our
knowledge of the parallel processing of ES-derived networks.
The study of neuronal networks in vitro is conceivable because
it has been shown that functional characteristics of ex vivo
neuronal networks are similar to those observed in vivo in terms

Figure 6. Reproducibility and coding. Average firing rate (AFR; open
bars) and coefficient of variation (CV; black dots) of the firing from
three selected embryonic stem cell (ES)-derived neurons (A) and from
the entire network (B). (C) and (D) as in (A) and (B), but for neurons
from hippocampal culture.
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of connectivity, inhibition/excitation ratio, electrophysiological
and electrical stimuli (for a review, see Van Pelt et al. [19]).
Moreover, in vitro networks possess information-processing
ability with basic computational properties similar to those
found in in vivo networks [35]. Recent work in our laboratory
using dissociated hippocampal networks has also shown that
different decoding strategies can be used to extract relevant
features [1], giving the appropriate parameters to investigate
ES-derived networks. By culturing ES-derived neurons over an
MEA, we show that these networks are functional and exert
some computational properties similar to those of hippocampal
networks in culture.

When an extracellular voltage pulse was applied to the
MEA electrodes, electrical activity was evoked and propagated for
several millimeters in the culture with a velocity of approxiamtely
400 mm/second, similar to that observed in hippocampal cultures.
The firing pattern of neurons in response to the stimulus was
mainly composed by a first, reliable AP followed by less reliable
APs, again comparable to hippocampal [1] and cortical [81, 85]
neuronal networks in vitro. The variability of firing in ES-derived
neurons was reduced when the APs were pooled over a population
of neurons, and the high reproducibility of the pooled response
allowed distinguishing, at the level of a single trial, stimuli varying
in intensity. The ability of ES-derived neurons to process informa-
tion was illustrated by measuring the mutual information between
the evoked response and the stimulus intensity. This analysis indi-
cates that a population of ES-derived neurons can reliably discrim-
inate three stimulus intensities (corresponding to 1.52 bits of infor-
mation) as observed in naturally matured neurons [1] and that
ES-derived neurons can process information as mature neurons do.

Despite the striking similarity observed in the evoked activity,
we observed some differences in the spontaneous activity. Al-
though bursts of synchronous firing were present in both networks,
interburst activity was more prominent in the ES-derived networks
(Fig. 3), reminiscent of immature hippocampal networks (data not
shown). This could reflect a difference in the ongoing maturational
process characterized by different numbers of gap junctions, dif-
ferential voltage-gated channel and ligand receptor expression
and/or composition, difference in the rectifying function of the

chloride ions [86–91], or percentage of glia in the cultures. One or
more of these factors could also explain the difference in the
duration of firing observed in the patch-clamp experiments be-
tween the two networks (Fig. 2C, 2D).

Our data also demonstrate that purely ES-derived neurons
undergo functional maturation at a rate comparable to that
observed after coculturing ES cells on top of hippocampal slice
[53]. The appearance of neuronal postmitotic markers occurred
much earlier than did the electrophysiological maturation of
neurons. Moreover, the composition of the culture changed in
terms of presence of glial cells during the observation period,
indicating that a prolonged follow-up of the culture for thera-
peutic purposes is required.

The finding that ES-derived neurons form functional net-
works in vitro opens up a variety of new perspectives for
future applications. ES cells are a potent source for the
generation of various neuronal cell types, and by changing
the composition of the culture, it is possible to promote the
differentiation in specific neuronal types [38, 43– 46]. There-
fore, in the near future, it will be feasible to engineer neu-
ronal networks with different neuronal types and to investi-
gate the properties of the resulting networks. Similarly,
because ES cells are amenable to genetic modification [92,
93], it will be possible to obtain neuronal types with modified
properties in which selected ion channels or synaptic recep-
tors are over- or underexpressed. This technology will allow
the construction of neuronal networks with entirely new
computational properties. The same technology can provide
valid models of neuronal networks linked to a variety of
neurodegenerative diseases and can verify the action of new
ES-derived neurons on these model networks, providing a
new perspective for therapeutic recovery.

The availability of unlimited number of ES-derived neurons
paired with an intrinsic ability of these cells to form neuronal
networks suggests the potential of this system to establishing
large-scale, self-assembling networks. Such complex networks
could provide a first key step towards ES cell-based neurocom-
puting [1, 33].

Figure 7. Information processing in embryonic stem cell (ES)-derived and hippocampal networks. (A): Raster plots of evoked action potentials (APs)
recorded from four different electrodes (each column) by voltage pulses of 300, 600, and 900 mV (each row). (B): frequency histograms of all APs
recorded in a time window from 0 to 51 ms from the stimulus evoked by the three different voltage stimulations. (C): Dependence of the mutual
information on bin width and number of pooled electrodes. (D, E, F): As in (A), (B), and (C), but from hippocampal cultures. In (B) and (E), red
corresponds to 300 mV, blue to 600 mV, and green to 900 mV.
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