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Abstract 

Background  In vitro models for drug testing constitute a valuable and simplified in-vivo-like assay to better com-
prehend the biological drugs effect. In particular, the combination of neuronal cultures with Micro-Electrode Arrays 
(MEAs) constitutes a reliable system to investigate the effect of drugs aimed at manipulating the neural activity 
and causing controlled changes in the electrophysiology. While chemical modulation in rodents’ models has been 
extensively studied in the literature, electrophysiological variations caused by chemical modulation on neuronal net-
works derived from human induced pluripotent stem cells (hiPSCs) still lack a thorough characterization.

Methods  In this work, we created three different configurations of hiPSCs-derived neuronal networks composed 
of fully glutamatergic neurons (100E), 75% of glutamatergic and 25% of GABAergic neurons (75E25I) and fully GABAer-
gic neurons (100I). We focused on the effects caused by antagonists of three of the most relevant ionotropic receptors 
of the human brain, i.e., 2-amino-5-phosphonovaleric (APV, NMDA receptors antagonist), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX, AMPA receptors antagonist), and bicuculline, picrotoxin and pentylenetetrazole (BIC, PTX, and PTZ, 
respectively, GABAA receptors antagonists).

Results  We found that APV and CNQX completely abolished the network bursting activity and caused major 
changes in the functional connectivity. On the other hand, the effect of BIC, PTX and PTZ mostly affected configura-
tions in which the inhibitory component was present by increasing the firing and network bursting activity as well 
as the functional connectivity.

Conclusions  Our work revealed that hiPSCs-derived neuronal networks are very sensitive to pharmacological 
manipulation of the excitatory ionotropic glutamatergic and inhibitory ionotropic GABAergic transmission, repre-
senting a preliminary and necessary step forward in the field of drug testing that can rely on pathological networks 
of human origin.
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Introduction
In vitro models for drug testing provide early informa-
tion and represent a valid simplified in-vivo-like assay 
to better comprehend the molecular pharmacology of 
promising compounds in the early stages of preclinical 
development. In particular, combining neuronal cultures 
with Micro-Electrode Arrays (MEAs) offers a model for 
electrophysiological drug screening, allowing real-time 
monitoring of drug diffusion and effects within the cul-
tures. Extensively utilized in vitro models for drug testing 
included dissociated cultures [9, 36], whose application 
field is widely versatile, allowing for investigating vari-
ous scenarios such as neurodevelopmental diseases [7] 
or physiological properties [4]. While in the literature the 
chemical modulation targeting rodents-derived models 
has been broadly explored (e.g., [9], [33]), electrophysio-
logical variations caused by chemical modulation on neu-
ronal networks derived from induced pluripotent stem 
cells (hiPSCs) have been investigated in a limited num-
ber of studies [14, 23, 35]. Nevertheless, hiPSCs-derived 
systems constitute a valid model to explore the elec-
trophysiological activity of in  vitro neuronal networks 
[26], as such cultures preserve the same phenotype of 
the patients [19] and better mimic the in-vivo like assay 
[15]. Hence, it remains an open challenge to understand 
whether and how different drugs are able to modulate the 
activity of the hiPSCs-derived in vitro networks, causing 
controlled electrophysiological changes. In particular, 
considering three of the most relevant ionotropic recep-
tors of the human brain, i.e., NMDA, AMPA and GABAA 
receptors [2], the chemical modulation performed by 
administrating antagonists of such receptors offers the 
opportunity to modulate the excitatory or inhibitory con-
tribution in a targeted manner.

In the literature, few works have explored the effect of 
these antagonists on hiPSCs-derived neuronal networks. 
Specifically, studies were mainly focused exclusively on 
the spiking activity [14], not investigating more complex 
dynamics such as the network bursting activity or func-
tional connectivity variations, or exploited other tech-
niques such as calcium oscillations [35]. Alternatively, 
research efforts focusing on the study of MEA-recorded 
neuronal activity, and, particularly, investigating firing 
and bursting patterns, targeted neuronal networks lack-
ing a clearly defined E/I balance [23]. Nevertheless, this 
kind of investigation could give precious insights on 
the drug effects. For this reason, in this work, we cre-
ated three different configurations of neuronal networks 
derived from hiPSCs. In particular, the three types of 
networks were composed of (i) fully glutamatergic neu-
rons (100E), (ii) fully GABAergic neurons (100I), and (iii) 
75% of glutamatergic and 25% of GABAergic neurons 
(75E25I), which faithfully mimic the in vivo environment 

from the E/I balance point of view [28]. We tested our 
model by administrating five drugs and we evaluated the 
changes in the activity, aiming at shedding light on the 
effectiveness of such drugs on the hiPSCs-derived neu-
ronal networks. In particular, we focused on the effects 
caused by three drugs acting as competitive antagonists 
of three of the most relevant ionotropic receptors of the 
human brain, i.e., 2-amino-5-phosphonovaleric (APV), 
acting as NMDA receptors antagonist, 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), functioning as AMPA 
receptors antagonist, and bicuculline (BIC), working as 
GABAA receptors antagonist. Moreover, we tested two 
further drugs, which are picrotoxin (PTX, non-compet-
itive) and pentylenetetrazole (PTZ, competitive), both 
acting as antagonists of GABAA receptors, but in distinct 
domains [13]. PTX and PTZ are central nervous system 
convulsant, mostly exploited to develop appropriate sei-
zure models, by eliciting seizure activity [5, 6, 12, 27, 31]. 
Due to this reason and the absence of literature focused 
on testing these crucial drugs on in vitro hiPSCs-derived 
neuronal networks, we evaluated these two additional 
drugs. The five drugs were administered at Days In Vitro 
(DIV) 70: the choice of this time step was related to 
the network maturity [24] and beyond the GABA shift, 
known to occur approximately after 42–49 days [21]. We 
observed variations both in the dynamics—from firing to 
network bursting activity—and in the functional connec-
tivity of the networks.

In conclusion, our work constitutes a significant 
advancement in understanding the electrophysiologi-
cal changes in network dynamics and functional con-
nectivity induced by ionotropic receptor antagonists in 
hiPSCs-derived cultures. This study demonstrates that 
hiPSCs-derived neuronal networks coupled to MEAs 
are highly sensitive to pharmacological manipulation of 
both ionotropic glutamatergic and GABAergic receptors. 
Consequently, it marks a substantial step forward in the 
field of in-vitro hiPSCs-derived models, offering a valua-
ble innovation for testing and evaluating drugs on human 
neuronal pathological networks.

Methods
HiPSCs cultures maintenance
We received both Ngn2-positive and Ascl1-positive hiP-
SCs lines in frozen vials, kindly provided by Prof. Nadif 
Kasri (Radboud University Medical Centre, the Nether-
lands). In particular, the two hiPSCs lines (Ngn2-positive 
and Ascl1-positive) genetically modified and previously 
characterized [21] (were used to get populations of excit-
atory and inhibitory neurons (Fig. 1a). In particular, the 
excitatory neurons were obtained through the forced 
expression of the transcription factors Neurogenin-2 
(Ngn2), while inhibitory neurons were derived through 
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Achaete-scute homolog 1 (Ascl1) overexpression [21]. 
Both lines were generated from reprogrammed fibro-
blasts. In particular, glutamatergic neurons were derived 
from healthy 30-years-old female fibroblasts (Coriell 
Institute for medical research, GM25256), while GABAe-
rgic neurons were derived from healthy 51-years-old 
male fibroblasts (KULSTEM iPSC core facility Leuven, 
Belgium, KSF-16-025). The lines of hiPSCs were thawed 
and maintained in E8 Flex medium (Thermo Fisher Sci-
entific) supplemented with E8 supplements (2%, Thermo 
Fisher Scientific), penicillin/streptomycin (1%, Sigma-
Aldrich), G418 (50  µg/ml, Sigma-Aldrich) and puromy-
cin (0.5 µg/ml, Sigma-Aldrich). Excitatory cortical Layer 
2/3 neurons were obtained from C1 by overexpressing 
mouse neural determinant Ngn2 upon doxycycline (4 µg/
ml, Sigma-Aldrich) administration [10]. Inhibitory neu-
rons were obtained from C2 by overexpressing mouse 
neural determinant Ascl1 (Addgene 97329) upon doxy-
cycline (4  µg/ml, Sigma-Aldrich) and forskolin (10  μM, 
Sigma Aldrich) administration [21]. The hiPSCs differen-
tiated in neurons after about 3 weeks of doxycycline and 
forskolin treatment [10, 30]. The cultures were preserved 
at stable condition (37 ̊C, 5.5% CO2, 95% humidity atmos-
phere) in the incubator. The 50% of the culture medium 
was refreshed every two days.

Neuronal networks generation and maintenance
The neuronal cultures were handled with the adapted 
pipeline presented in [34]. Briefly, we exploited polydi-
methylsiloxane (PDMS) rings to confine and protect the 
cells without creating patterned networks and affecting 
the neurons’ viability [16, 20]. The rings were character-
ized by a diameter of 6 mm and height of about 1 mm and 
were obtained utilizing a mixture of PDMS base (Sylgard 
184) and curing agent at a 10:1 (w/w) ratio, which was 
polymerized in oven (80  °C for 15 min). The day before 
the neuronal cultures plating, the rings were placed and 
let adhere to the Micro-Electrode Arrays (60-electrodes 
MEAs, Multi Channel Systems—MCS, Reutlingen, Ger-
many) surface. The devices were sterilized in oven (120 °C 
for 3 h) and pre-coated overnight with poly-L-ornithine 
(50  µg/ml, Sigma-Aldrich) and human laminin (20  µg/
ml, BioLamina). At DIV 0, glutamatergic and GABAergic 
neurons were detached with Accutase (Sigma-Aldrich) 
and mixed in the correct proportions to create our three 
configurations (Fig. 1b). The neurons were co-plated on 
the pre-treated devices with rat astrocytes (Fig.  1b) to 
favour the growth and the maturation of the neurons 
[32]. The cells were plated at a final density of 1200 cells/
mm2. Neurobasal medium (Thermo Fisher Scientific) was 
used to maintain the neuronal cultures. From DIV 0 to 

Fig. 1  Experimental protocol. a Schematic representation of the cell culture protocol. Starting from hiPSCs cultures, excitatory (E, red) and inhibitory 
(I, blue) iNeurons were obtained. b Sketch of the three configurations obtained by varying the ratio between glutamatergic (red) and GABAergic 
(blue) neurons in the neuronal cultures. Neurons were co-plated with rat astrocytes (green) in the active area of the MEAs, characterized by 60 
electrodes. c Sketch of the experimental protocol performed. The spontaneous activity was recorded for 10 min. Subsequently, one of the five drugs 
(i.e., APV, CNQX, BIC, PTX, or PTZ) was added to the neuronal culture medium and the electrophysiological activity was recorded for 40 min. d Table 
representing the number of the recorded neuronal cultures for each configuration and for each drug
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DIV 7, the medium was enriched with B27 supplements 
(2%, Thermo Fisher Scientific), penicillin/streptomy-
cin (1%, Sigma-Aldrich), GlutaMax 100X (1%, Thermo 
Fisher Scientific), human Brain-Derived Neurotrophic 
Factor (10 ng/ml, BDNF, Sigma-Aldrich), human Neuro-
trophin-3 (10  ng/ml, NT3, Sigma-Aldrich), doxycycline 
(4 µg/ml, Sigma-Aldrich) and forskolin (4 µg/ml, Sigma-
Aldrich). From DIV 7 onwards, Fetal Bovine Serum (2%, 
Thermo Fisher Scientific) was added to the medium. 
From DIV 14 onwards, doxycycline and forskolin were 
removed from the supplemented Neurobasal medium. 
Half-medium change was performed every two days. 
The neuronal cultures plated on MEAs were stably main-
tained in the incubator up to DIV 70, day in which we 
performed the drug delivery test.

Dataset and recordings
The dataset collected for this study is composed of a 
total of 51 neuronal cultures over MEAs, organized in 
the following way: 18 100E, 16 75E25I and 17 100I. The 
recordings of the electrophysiological activity of such 
networks were performed with the MEA2100 record-
ing system (MCS) at DIV 70, after the GABA switch. 
After a 10-min period of accommodation, we recorded 
the neuronal activity at a sampling frequency of 10 kHz 
in stable environmental conditions (37 ̊C, 5% CO2). The 
protocol consisted in 10-min recordings of the sponta-
neous electrophysiological activity, followed by 40-min 
recordings in presence of the chemical (Fig. 1c). The lat-
ter was performed by adding the drugs directly into the 
medium culture within the recording set-up. We uti-
lized D-2-Amino-5-phosphonopentanoic acid (D-APV, 
75 µM, [4]) as NMDA receptor antagonist, 6-cyano-7-ni-
troquinoxaline-2,3-dione (CNQX, 35 µM, [4]) as AMPA 
receptor antagonist, and Bicuculline (BIC, 30 µM, [36]), 
picrotoxin (PTX, 60  µM), and pentylenetetrazole (PTZ, 
100  µM), as antagonists of GABAA receptors (Fig.  1c). 
The final dataset is reported in Fig. 1d.

Data analysis
The data analysis was performed exploiting in-house 
code implemented in MATLAB (The MathWorks, 
Natick, MA, USA) and SpyCode [3]. In the following sub-
sections, we thoroughly describe the analyses carried out 
on the electrophysiological data.

Spiking, bursting, and network bursting activity
The data obtained from the electrophysiological record-
ings described above were analysed by performing the 
Precision Time Spike Detection [17], setting a threshold 
equal to 10 times the noise baseline. In addition, we set 
the parameters of Peak Lifetime Period and Refractory 
Period, required by the algorithm, both equal to 2  ms. 

Channels with a Mean Firing Rate (MFR, i.e., the num-
ber of spikes over the whole recording time) lower than 
0.1 spikes/s (spk/s) have been removed from the analy-
sis, since they were considered inactive [21, 22]. Subse-
quently, the burst detection was carried out based on the 
distribution of logarithmic ISI [25] and evaluating bursts 
composed of at least 5 spikes. Electrodes with a Mean 
Bursting Rate (MBR) lower than 0.4 bursts/min were 
discarded [21, 22]. Neuronal networks with an amount 
of bursting electrodes lower than 10% were not consid-
ered for further analysis related to the bursting and net-
work bursting activity. The network burst detection was 
performed based on the burst trains and an event was 
defined as a network burst if the number of the involved 
electrodes was more than 25% of bursting electrodes. 
Concerning the analysis of the chemically modulated 
neuronal networks, we divided the 40-min recordings 
into 5-min-long bins in order to analyse with greater 
resolution the behaviour over time of the neuronal net-
works. In particular, we computed the Instantaneous Fir-
ing Rate (IFR, i.e., the spiking frequency in each bin), the 
Network Bursting Rate (NBR), and the number of net-
work bursting units as the number of channels involved 
in the network burst events. Finally, we considered the 
first 20  min out of the total 40  min, and we repeated 
the analysis of the IFR with 1-min-long bins, in order to 
observe the effect of the drugs in more detail. All the val-
ues presented in this study were normalized with respect 
to the spontaneous activity of each group of neuronal 
networks treated with the same drug.

Cross‑correlation based analysis
Concerning the cross-correlation based analysis, we 
considered the timing at which a channel fires (target 
channel β), evaluating a relationship with the firing of 
another spikes train (reference channel α), [29]. Hence, 
identified a reference channel α and a target channel β, 
the correlation function Cαβ(τ) denoted the probability of 
observing at the time (t + τ) a spike in the target train α, 
given a spike in the reference train β at the time t. We 
computed the cross-correlograms considering the cor-
relation function in a window of ± 150 ms with a binning 
equal to 0.2 ms. A relevant peak in the cross-correlogram 
delineated a functional connection, whose amplitude 
can be related to the levels of synchronization between 
the neuronal spike trains. To this end, we computed the 
maximum value normalized between [0, 1] of each pair-
wise cross-correlogram (i.e., Cpeak). From the unthres-
holded connectivity matrix, we computed the number 
of links (i.e., the number of connections between all the 
electrodes) and the number of nodes (i.e., the number of 
electrodes that have at least one link) to quantify the vari-
ation of the network-developed functional connections 
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after the addition of the drugs in the culture medium. 
Finally, we assessed the Cpeak of the strongest 200 con-
nections [11] to evaluate the variation in their strength 
after the drug treatment.

Statistical analysis
The statistical analyses were performed in MATLAB 
(The MathWorks, Natick, MA, USA). The distribution 
of the data was evaluated by exploiting the Kolmogo-
rov–Smirnov normality test. As the data were not nor-
mally distributed, the statistical analyses were computed 
with the non-parametric Kruskal–Wallis test. To deter-
mine statistical differences, p-values < 0.05 were con-
sidered significant. In the text, the values are reported 
as mean ± standard error of the mean, unless differently 
stated. In the scatter plots, asterisks over the dots repre-
sent a statistical difference with respect to the spontane-
ous activity.

Results
Blocking NMDA, AMPA and GABAA receptors affected 
the firing patterns
To understand the effect of the drugs on the electro-
physiological activity of the neuronal networks, we first 
considered the single-channel-level dynamics by ana-
lysing the normalized IFR during the spontaneous and 
chemically evoked activity. The 100E configuration—
although not significant with respect to the spontane-
ous (i.e. not treated) initial condition—showed a slow 
decrease of the IFR trend when exposed to APV (Fig. 2a, 
Table S1, S2), while CNQX led to a rapid decrease of the 
100E firing, noticeable within the first 5  min after that 
the drugs were added to the medium (Fig. 2d, Table S1, 
S2). On the other hand, BIC—as expected—maintained 
the firing pattern of this configuration constant (Fig. 2g, 
Tables S1, S2). Concerning the 75E25I configuration, a 
similar trend can be observed with respect to the 100E, 
when APV (Fig. 2b) and CNQX (Fig. 2e) were added to 
the medium: both drugs caused a decrease of the IFR 

Fig. 2  Spiking activity characterization during the chemical modulation. a–i Normalized Instantaneous Firing Rate (IFR) of 100E (red), 75E25I 
(orange), and 100I (blue) configurations when APV (first row), CNQX (second row), or BIC (third row) were used. The timepoint “Spont” represents 
the normalized firing rate computed over the 10-min recording of the spontaneous activity. Data are represented with the mean (dot) 
and the standard error of the mean (whiskers) (∗ refers to p < 0.05)
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with a faster timing when CNQX was used (Tables S1, 
S2). BIC, instead, resulted in an increased firing activ-
ity of the 75E25I (Fig. 2h, Tables S1, S2), noticeable from 
the first 5 min after the presence of the drug. Lastly, the 
100I configuration, in the case of APV treatment (Fig. 2c, 
Tables S1, S2), showed a decrease—not statistically sig-
nificant—in the IFR during the first 25  min, stabilizing 
again close to the values of the spontaneous activity after 
about 30 min, while exhibited an increase when treated 
with BIC, showing a similar timing of action with respect 
to the 75E25I configuration when treated with the same 
drug.

Since the major changes in the firing patterns mostly 
occurred within the first 20 min after the drug delivery, 
we focused the analysis of the IFR in this range with a 
smaller bin size, i.e., 1  min (Fig. S1). The trends of the 
1-min-binned IFR for each configuration and each drug 
showed a higher variability during the first 5–10  min 
due to the possible perturbation of the drug injection 
within the neuronal networks [9]. After this interval, the 
effect of the drugs on the IFR stabilized. For this reason, 
we chose to analyse more thoroughly the differences 
between the spontaneous and the chemically evoked 
activity between 10 to 15  min after the drug addition 
(see Sect. “Short-term effects of drug treatment”). Finally, 
concerning the bursting pattern, the 100I configuration 
exhibited a number of bursting units under the threshold 
for all the cultures (Fig. S2a)—as expected—since these 
neuronal networks were characterized by a tonic firing 
pattern (Fig. S3a) and uncorrelated activity (Fig. S3b). For 
this reason, the neuronal networks composed of exclu-
sively GABAergic neurons (i.e., 100I) were excluded from 
further analysis related to network bursting events and 
functional connectivity investigations.

APV and CNQX abolished the network events
To understand the effect of the drugs on the network-
level activity, we initially evaluated the electrophysiologi-
cal activity from a qualitative point of view by observing 
the raster plots and the cumulative instantaneous firing 
rate profiles (Fig. 3a). Both configurations, i.e., 100E and 
75E25I, showed sustained spontaneous activity charac-
terized by repeated bursting and network bursting events 
(Fig. 3a). In the presence of APV or CNQX, the network 
bursting events were completely abolished in both con-
figurations resulting in solely random activity (Fig.  3a). 
On the other hand, BIC appeared to slightly decrease the 
rate of network events in the 100E, while it increased the 
frequency of network bursts in the 75E25I. Quantifying 
the NBR, it revealed that both APV and CNQX drasti-
cally reduced the NBR in the 100E (Fig. 3b, c, Table S3, 
S4) and 75E25I (Fig.  3e, f, Table  S3, S4) configurations. 
It is worth to highlight that both drugs affected the rate 

of the network bursting events of the physiological con-
figuration (i.e., 75E25I) since the first 5 min after that the 
drugs were added to the medium, while the effects on the 
fully excitatory networks were appreciable after 10 and 
5 min from the APV and CNQX presence, respectively. 
Finally, BIC halved the frequency of network events of the 
100E networks (Fig. 3d, Table S3, S4), while, conversely, 
caused a significant increase in the network bursting rate 
of the 75E25I configuration (Fig. 3g, Table S3, S4).

Short‑term effects of drug treatment
To better analyse the impact of the drugs on network 
bursting patterns, we compared the spontaneous activ-
ity with the chemically evoked activity between 10 and 
15 min after drug treatment (see Sect. “Blocking NMDA, 
AMPA and GABAA receptors affected the firing pat-
terns”). Major changes were exhibited by the network 
bursting activity, in which both APV and CNQX induced 
a reduction of the network bursting units (Fig. 4a, Tables 
S5, S6) in both 100E and 75E25I, but significant only for 
the 100E. On the other hand, BIC induced the generation 
of network events characterized by a comparable num-
ber of units for both 100E and 75E25I (Table S5, S6). The 
NBR resulted to be highly affected by the drugs (Fig. 4b). 
In particular, both APV and CNQX caused a strong, sta-
tistical decrease with respect to the spontaneous activity 
in the NBR of both 100E (pAPV = 0.0463, pCNQX = 0.0150) 
and 75E25I (pAPV = 0.0463) configurations, lead-
ing to values close to zero (NBR100E_APV = 0.06 ± 0.03, 
NBR75E25I_APV = 0.01 ± 0.01, NBR100E_CNQX = 0.13 ± 0.10, 
NBR75E25I_CNQX = 0.09 ± 0.08) proving the abolishment of 
the network bursting activity, as hinted by the raster plots 
of Fig. 3a. Conversely, BIC led to a statistical increase in 
the rate of the network events in the 75E25I (NBR75E25I_

BIC = 3.09 ± 0.40), and a slight—but statistical—decrease 
in the 100E configuration (NBR100E_BIC = 0.44 ± 0.15), 
as qualitatively suggested by the raster plots in Fig.  3a. 
Since APV and CNQX completely suppressed the net-
work events of the cultures, we then investigated changes 
in the average network burst shapes and in the network 
burst duration (NBD) in the neuronal networks treated 
with BIC (Fig. 4c, d, Table S7). The network burst shape 
showed an increased amplitude, both in 100E and 
75E25I when treated with BIC. Moreover, an increase 
in the network burst duration can be observed in both 
configurations (NBD100E_BIC = 1.90 ± 0.49, NBD75E25I_

BIC = 1.48 ± 0.20), albeit not statistical.

Drug‑driven changes in the functional connectivity
The neuronal connectivity showed to be affected by 
the drug treatments as well as the neuronal dynamics. 
Specifically, the use of APV resulted in a drastic reduc-
tion in the strength of the connections in both the 100E 
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and 75E25I configurations, as shown in the connectiv-
ity maps and graphs (Fig. 5). On the other hand, it was 
difficult to evaluate qualitative changes in the num-
ber of links and the number of nodes from such intri-
cate structures, although a reduction of both features 
was suggested. For what concerns CNQX, the AMPA 
receptor antagonist caused a reduction of the con-
nection strength and the number of links and nodes 
as well as in the case of APV usage in both 100E and 
75E25I (Fig. 5). Finally, BIC did not induce observable 
changes in the connectivity of the 100E configuration, 
while a substantial increase in the strength and in the 

number of links can be observed in the connectivity 
map and graph of the 75E25I configuration (Fig.  5). 
As a step forward, we computed the number of nodes 
and links during the chemical stimulated activity, by 
distinguishing the new ones, those which remained 
stable those which disappeared when treated with the 
drugs (Fig.  6). APV led to a reduction of both nodes 
and links, especially in the 100E configuration (Fig. 6a, 
d), as well as CNQX, in which a high number of extin-
guished nodes and links can be observed (Fig.  6b, e). 
On the other hand, BIC usage confirms to not affect 
particularly the 100E configuration (Fig.  6c), while in 

Fig. 3  a Representative raster plots and respective cumulative instantaneous firing rate profiles (bin = 10 ms, overlapped) 
of the electrophysiological activity of the 100E (red) and 75E25I (orange) configurations in spontaneous conditions (first column) and after APV 
(second column), CNQX (third column), and BIC (fourth column) administration. A black dot represents a detected spike, while a dense black band 
indicates a network burst event. b-g Network bursting activity characterization during the chemical modulation. Normalized Network Bursting 
Rate (NBR) of 100E (red) and 75E25I (orange) configurations when APV (b, e), CNQX (c, f), or BIC (d, g) were used. The timepoint “Spont” represents 
the normalized NBR computed over the 10-min recording of the spontaneous activity. Data are represented with the mean (dot) and the standard 
error of the mean (whiskers) (∗ refers to p < 0.05 and ∗ ∗ to p < 0.01)
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the 75E25I configuration led to a noticeable increase 
in both the number of new nodes (28%) and the num-
ber of new links (70%) (Fig.  6f ). Finally, we evaluated 
the Cpeak values (Table  S8), indicating the strength of 
the connections. The APV usage showed a decrease in 
the Cpeak values in both 100E and 75E25I configura-
tions (Fig. 6g, h, Cpeak_100E_spont = 0.23 ± 0.03, Cpeak_100E_

APV = 0.05 ± 0.03, Cpeak_75E25I_spont = 0.22 ± 0.06, 
Cpeak_75E25I_APV = 0.13 ± 0.06), although statistically 
significant only in the case of 100E (pAPV = 0.018). On 
the other hand, CNQX showed a slight decrease in 
the Cpeak value exclusively for the 75E25I configura-
tion (Fig. 6h, Cpeak_75E25I_CNQX = 0.13 ± 0.06). Lastly, BIC 
did not cause any changes in the strength of the con-
nections of the 100E (Fig.  6g), leading to an increase 
of such value only in the heterogeneous configuration 
(Fig. 6h, Cpeak_75E25I_BIC = 0.37 ± 0.08).

The presence of PTX and PTZ showed comparable effects 
with respect to BIC treatment
To conclude our work, we investigated the effects of two 
further drugs, i.e., PTX and PTZ, antagonist of GABAA 
receptors. Retracing the main steps highlighted for APV, 
CNQX, and BIC, we first evaluated the IFR of the neu-
ronal networks after the drug treatment. PTX did not 
affect the firing pattern of the 100E configuration (Fig. 7a, 
Table S9, S10), while PTZ caused a slight decrease dur-
ing the first 10 min, rapidly restored after 15 min (Fig. 7d, 
Table S9, S10). For what concern the effect of PTX and 
PTZ on the 75E25I configuration, the presence of such 
drugs showed similar effect with respect to BIC usage, 
that is an increase of the IFR (Fig. 7b, e, Table S9, S10). 
Nevertheless, a different time of action of the drugs 
can be observed: while BIC effect was quite instantane-
ous (noticeable within the first 5  min), PTX and PTZ 
showed a slower increase of the IFR, appreciable after 

Fig. 4  Drugs’ effect in the 10–15 min after the administration. a Plot of the normalized number of network bursting (NB) units for 100E (red) 
and 75E25I (orange) configurations. b Box plots of the normalized Network Bursting Rate (NBR) for each configuration. c, d Average network 
burst shapes (Spike Time Histogram, STH) for the spontaneous (grey) and the BIC-modulated activity for the 100E (c, red) and 75E25I (d, orange) 
configurations. Inset: box plots of the Network Burst Duration (NBD) for each configuration in spontaneous (grey) and BIC modulated (red 
or orange) conditions. Scatter plots are represented with the mean (dot) and the standard error of the mean (whiskers). Box plots are represented 
with the percentile 25–75 (box), the standard deviation (whiskers), the median (line), the mean (square), and the minimum and maximum (crosses) 
values (∗ refers to p < 0.05)



Page 9 of 14Parodi et al. Stem Cell Research & Therapy          (2024) 15:433 	

Fig. 5  Functional connectivity maps and graphs. Representative connectivity maps and connectivity graphs of 100E (red) and 75E25I (orange) 
configurations. In each pair, the functional connectivity map/graph of the spontaneous activity (on the left) is compared with the one after the drug 
treatment (on the right). In the connectivity maps, the connection between two units is represented by a pixel which colour represents its strength. 
In the connectivity graphs, each node is represented by dots and functional connections are represented with edges



Page 10 of 14Parodi et al. Stem Cell Research & Therapy          (2024) 15:433 

about 15/20 min after the drug treatment. Alongside, the 
100I configuration was affected exclusively by the usage 
of PTZ, which induced an increase of the IFR (Fig.  7f, 
Table S9, S10), while PTX did not provoke any changes 
in the firing pattern (Fig. 7c, Table S9, S10). Concerning 
the neuronal network events, the NBR of the 100E con-
figuration after both PTX and PTZ treatment showed 
a decrease as noticed for the BIC usage (Fig.  7g, j, 
Table S11, S12). On the other hand, the 75E25I configu-
ration showed different trends when treated with PTX or 
PTZ (Table S11, S12): the first one caused an initial slight 
decrease of the NBR, rapidly restored within 15  min 
(Fig. 7h); the second one provoked a slight increase of the 
NBR, which continued throughout the recording time 
(Fig.  7k). Finally, both PTX and PTZ led to an increase 
of the Network Burst Duration (NBD; Fig. 7i, l; NBD100E_

PTX = 1.43 ± 0.26, NBD75E25I_PTX = 2.01 ± 0.42, NBD100E_

PTZ = 1.83 ± 0.56, NBD75E25I_PTZ = 1.31 ± 0.30, Table  S15), 

although without significant differences (Table  S16), in 
both configurations, as well as in the case of BIC.

Discussion
In this study, we proposed an innovative drug testing 
model in which we exploited human induced pluripotent 
stem cells to understand whether and how these neuronal 
cultures were sensitive to pharmacological manipulation. 
We created three different configurations, both homo-
geneous and heterogeneous—in terms of excitatory and 
inhibitory neuronal cells—to evaluate the effect of the 
individual drugs either on excitatory or inhibitory popu-
lations, and on cultures with a physiological E/I balance.

We performed the recordings and the chemical mod-
ulation at DIV 70, when the networks were mature 
[24] and characterized by a hyperpolarizing effect of 
the GABA, as the GABA shift occurs at around DIV 42 
[21]. Our results showed that APV and CNQX caused 
a decrease in the firing, as expected [4, 14, 23]. On the 

Fig. 6  Characterization of the functional connectivity. a–f Pie charts of the number of edges and number of links new, unchanged, 
and extinguished with respect to the spontaneous activity for each configuration and for each administrated drug. g–h Box plots of the Cpeak values 
of the 100E g and 75E25I h configurations. Box plots are represented with the percentile 25–75 (box), the standard deviation (whiskers), the median 
(line), the mean (square), and the minimum and maximum (crosses) values (∗ refers to p < 0.05)
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Fig. 7  Characterization of PTX e PTZ effects. a–c Normalized Instantaneous Firing Rate (IFR) over time of the 100E (red), 75E25I (orange), and 100I 
(blue) configurations when PTX was used. d–f Normalized IFR over time of the 100E (red), 75E25I (orange), and 100I (blue) configurations when PTZ 
was used. g–h Normalized Network Bursting Rate (NBR) over time of the 100E (red) and 75E25I (orange) configurations in the presence of PTX. 
Insets: Normalized number of network bursting units of the configurations in the spontaneous and PTX evoked conditions. i Normalized Network 
Burst Duration (NBD) of the 100E (left) and 75E25I (right) configurations in spontaneous (grey) and PTX evoked conditions (red and orange, 
respectively). j–k Normalized Network Bursting Rate (NBR) over time of the 100E (red) and 75E25I (orange) configurations in the presence of PTZ. 
Insets: Normalized number of network bursting units of the configurations in the spontaneous and PTZ evoked conditions. l Normalized Network 
Burst Duration (NBD) of the 100E (left) and 75E25I (right) configurations in spontaneous (grey) and PTZ evoked conditions (red and orange, 
respectively). Scatter plots are represented with the mean (dot) and the standard error of the mean (whiskers). Box plots are represented 
with the percentile 25–75 (box), the standard deviation (whiskers), the median (line), the mean (square), and the minimum and maximum (crosses) 
values (∗ refers to p < 0.05)
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other hand, BIC increased the spiking frequency of het-
erogeneous and fully GABAergic networks. In addition, 
the network bursting activity proved to be the dynamics 
pattern most significantly affected by the drug treatment. 
Indeed, APV and CNQX severely reduced the activity of 
network’s events leading to a network bursting rate close 
to zero, both in the heterogeneous and fully glutamater-
gic networks, in line with what was observed in the litera-
ture for rodent-based networks [4]. It is worth to notice 
that CNQX showed a more rapid effect on the hiPSCs-
derived neuronal networks with respect to the APV. This 
strongest impact on the dynamics is reasonable consid-
ering that NMDA receptors require AMPA receptors to 
be activated [18]. Thus, in the presence of AMPA antago-
nist (i.e. CNQX), the resulted effects were the summation 
of both AMPA and—consequently—NMDA receptors 
blockage. At the same time, BIC led to a decrease in net-
work activity in the 100E cultures. The effect of such a 
drug on purely excitatory networks is attributable to the 
fact that glutamatergic neurons in merely excitatory cul-
tures still develop GABAA receptors [37] and that astro-
cytes, present in our networks, express abundant GABAA 
receptors as well [8]. It is worth to emphasize that the 
significance of this indirect effect may vary depending on 
the density of astrocytes present within the cellular cul-
ture. To deepen this aspect, it would be noteworthy to 
perform an assessment of the astrocytes in the final com-
position at DIV 70 and to evaluate the influence of dif-
ferent densities of astrocytes. Furthermore, the decrease 
in NBR observed in these cultures following the usage of 
BIC may be attributed to an altered homeostatic balance 
within the networks. It is worth noting that, since the 
100E configuration does not mimic a physiological con-
dition, the response to BIC could differ from what might 
be anticipated under normal circumstances. The 75E25I 
configuration, however, showed a clear increase in the 
frequency of network events, as expected [36]. As regards 
the effect of BIC on the duration of network bursts, it led 
to a notable increase of the parameter. Indeed, GABAe-
rgic neurons are the main responsible for the neuronal 
excitability and for synchronizing network events, act-
ing by compressing the duration of the network bursts 
[1, 24]. Since BIC acted directly on the GABA receptors, 
it blocked inhibitory neurons causing an increase in the 
duration of the network events.

In our study, we took a further step by characterizing 
the functional connectivity of networks derived from 
hiPSCs in the context of drug testing, an aspect not pre-
viously explored in the literature. Our cross-correlation 
analysis revealed that APV and CNQX not only affected 
the network dynamics, but also systematically reduced 
the number of links and nodes in the networks, leading 
to a decrease in the strength of connections. On the other 

hand, BIC did not bring particular differences in the con-
nectivity regarding the purely excitatory networks, while 
caused an increase in the links, nodes, and strength of 
connections in the heterogeneous networks.

Finally, we tested two additional drugs, namely PTX 
and PTZ, which are particularly important in the field 
of neuroscience being used to induce convulsant phe-
notypes [6, 27]. These two aforementioned drugs have 
been mainly used in animal-derived or in  vivo models. 
In our human-derived system, being GABAA receptor 
antagonists, both PTX and PTZ showed effects compa-
rable to BIC when added to both homogeneous excita-
tory and heterogeneous networks, demonstrating that 
hiPSCs-derived networks are sensitive to pharmacologi-
cal manipulation of the inhibitory ionotropic GABAergic 
transmission through PTX e PTZ.

Conclusions
In summary, our work represents a new platform and a 
well-characterized starting point for further advances 
in drug testing exploiting human-derived neuronal 
networks. In the literature, this topic has been poorly 
addressed despite its importance. Indeed, the main 
advantage of these networks is represented by the abil-
ity to inherently carry the same phenotype as the donor, 
thus constituting a powerful tool in the field of person-
alized medicine. Moreover, electrophysiological charac-
terization can open new scenarios and give insights to 
peculiarities of neuronal activity that can remain hidden 
with other methodologies. In the literature, few works 
deepened this topic by addressing basic electrophysiolog-
ical characteristics, such as the firing pattern [14]. How-
ever, this may limit the sighting of differences or peculiar 
aspects of these networks that can be highlighted with 
more in-depth analysis such as functional connectiv-
ity reported here. In conclusion, our model represents 
an important advancement for unravelling electrophysi-
ological changes in the network dynamics and functional 
connectivity caused by drugs within hiPSCs-derived cul-
tures. It therefore represents a step forward in the field 
of in-vitro hiPSCs-derived models that can be a valuable 
tool for testing and evaluating drugs on human patholog-
ical networks.
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