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SUMMARY

Mechanisms that underlie homeostatic plasticity have been extensively investigated at single-cell levels in animal models, but are less
well understood at the network level. Here, we used microelectrode arrays to characterize neuronal networks following induction of ho-
meostatic plasticity in human induced pluripotent stem cell (hiPSC)-derived glutamatergic neurons co-cultured with rat astrocytes.
Chronic suppression of neuronal activity through tetrodotoxin (TTX) elicited a time-dependent network re-arrangement. Increased
expression of AMPA receptors and the elongation of axon initial segments were associated with increased network excitability following
TTX treatment. Transcriptomic profiling of TTX-treated neurons revealed up-regulated genes related to extracellular matrix organization,
while down-regulated genes related to cell communication; also astrocytic gene expression was found altered. Overall, our study shows
that hiPSC-derived neuronal networks provide a reliable in vitro platform to measure and characterize homeostatic plasticity at network
and single-cell levels; this platform can be extended to investigate altered homeostatic plasticity in brain disorders.

INTRODUCTION

In the healthy brain, neuronal activity adapts dynamically
to a changing environment. Two principal mechanisms
accommodate such adaptive behavior: Hebbian plasticity
and homeostatic plasticity. Traditional forms of Hebbian
plasticity, such as long-term potentiation (LTP) and long-
term depression (LTD), induce changes in the strength of
individual synaptic connections and constitute the biolog-
ical substrate of learning and memory consolidation. How-
ever, without effective negative feedback regulation, their
effects could cause a destabilization of neuronal networks
(Fox and Stryker, 2017). Homeostatic plasticity is a negative
feedback mechanism that stabilizes neuronal network ac-
tivity by adjusting synaptic strength and intrinsic proper-
ties of the neurons in response to activity perturbations
during learning and development. Eventually, the homeo-
static changes that occur through these mechanisms pre-
vent the neuronal networks from becoming hypo- or hy-
per-active (Tien and Kerschensteiner, 2018; Wefelmeyer
et al., 2016; Turrigiano, 2012; Watt and Desai, 2010). As
such, homeostatic plasticity mechanisms play a critical
role in the correct functioning of the nervous system (An-
toine et al., 2019). Previous studies identified disrupted ho-
meostatic plasticity in rodent models for different neurode-
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velopmental disorders (NDDs), such as Fragile X syndrome,
Kleefstra syndrome, Rett syndrome, and tuberous sclerosis,
suggesting that altered or insufficient homeostatic plas-
ticity during development contributes to cognitive and
behavioral impairments that characterize NDDs (Bulow
et al., 2019; Lee et al., 2018; Benevento et al., 2016; Dani
et al., 2005; Zeng et al., 2007; Antoine et al., 2019).

While homeostatic plasticity mechanisms have been
well characterized at the single-cell level, using rodent
dissociated-cell cultures and organotypic slice cultures
(Moulin et al., 2020; Debanne et al., 2019; Debanne and
Russier, 2019), homeostatic plasticity at the network level
is poorly understood. In addition, it remains unclear how
intrinsic properties and synaptic strength cooperate to sta-
bilize neuronal networks in response to changes in activity
levels (Antoine et al., 2019; Turrigiano, 2011). Thus, estab-
lishing a framework to assess homeostatic plasticity at the
network level in a human model is essential for a better un-
derstanding of human neurodevelopment and neuronal
function, both in normal and pathological conditions.

Human induced pluripotent stem cell (hiPSC)-derived
neuronal models allow for the generation of networks of
controllable cellular composition that contain spontane-
ously active and synaptically connected neurons in a pa-
tient-specific background (Frega et al., 2017; Bardy et al.,
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Figure 1. Tetrodotoxin (TTX)-treated neurons show a time-dependent re-arrangement of the networks
(A) Schematic representation of human induced pluripotent stem cell (hiPSC) differentiation and TTX treatment workflow.
(B) Schematic overview of extracted parameters from microelectrode arrays (MEAs) recordings. NB = network burst.
(C) Representative raster plots showing 1 min of spontaneous activity from hiPSC-derived neuronal networks (Ctrl1) before and after 1 uM
TTX treatment, including before addition of TTX (Pre-drug-0 h), 48 h after addition of TTX (TTX treatment-48 h), 1 h after TTX withdrawal
(TTX withdrawal-1 h), and 48 h after TTX withdrawal (TTX withdrawal-48 h).
(D) Principal-component analysis (PCA) plot displaying PC1 and PC2 of all nine analyzed MEA parameters for vehicle-treated (Veh) and
48-h TTX-treated (TTX) neurons (Ctrl1 and Ctrl2). ALl MEA parameters were measured 1 h after TTX withdrawal. MFR = mean firing rate, PRS =
percentage of random spike, BR = mean burst rate, BD = mean burst duration, BSR = burst spike rate, IBI = inter-burst interval, NBR =
network burst rate, NBD = network burst duration, NIBI = Network burst IBI. n = number of MEA wells/batches: Veh n=23/5, TTX n=31/5
(Veh: n =15/3 from Ctrl1, n = 8/2 from Ctrl2; TTX: n = 21/3 from Ctrl1, n = 10/2 from Ctrl2).
(E) Heatmap showing fold changes of all nine analyzed MEA parameters after TTX treatment (Ctrl1 and Ctrl2). All MEA parameters were
measured at 1 h after TTX withdrawal. n = number of MEA wells/batches: Veh n=23/5, TTXn=31/5 (Veh: n = 15/3 from Ctrl1, n=8/2 from
Ctrl2; TTX: n = 21/3 from Ctrl1, n = 10/2 from Ctrl2).

(legend continued on next page)
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2016). They are increasingly used as a model system to un-
derstand the pathophysiology of brain disorders, primarily
by studying spontaneous activity under basal conditions
(McCready et al., 2022; van Hugte and Nadif Kasri, 2019).
However, despite the overwhelming implication of synap-
tic and homeostatic plasticity deficits in brain disorders,
only a handful of studies have investigated mechanisms
of plasticity in hiPSC-derived neurons (Cordella et al.,
2022; Pre et al., 2022; Meijer et al., 2019; Zhang et al.,
2018). In particular, no attention has been given to the
study of homeostatic plasticity at the network level in
hiPSC-derived neurons.

Here, we established a model of tetrodotoxin (TTX)-
induced homeostatic plasticity in co-cultures of hiPSC-
derived glutamatergic neurons on microelectrode arrays
(MEAs), which we have previously shown to facilitate
non-invasive, reproducible, real-time, and multidimen-
sional measurement of activity in hiPSC-derived neuronal
networks (Mossink et al., 2021). We characterized single-
cell and network changes induced with this form of homeo-
static plasticity, together with changes in gene expression
that may underlie them. We show that hiPSC-derived
neuronal networks form a reliable platform to measure
and characterize homeostatic plasticity, which can also be
harnessed to investigate homeostatic plasticity in human
models for brain disorders at the network and single-cell
level.

RESULTS

TTX-induced homeostatic plasticity leads to re-
arrangement of neuronal networks

Populations of hiPSC-derived neurons cultured on MEAs
generate highly synchronous network bursting activity
within a few days in vitro (DIV) (Frega et al., 2019; Frega
et al., 2017). During the initial 2 weeks of differentiation,
the activity of the control glutamatergic neuronal network
primarily consisted of random spikes (isolated asynchronous
spikes) and bursts (high frequency action potentials). As dif-
ferentiation progressed, these bursts organized into network
bursts (rthythmic, synchronous events). Throughout matura-
tion, the networks displayed an increase in mean firing rate
(MFR) and (network) burst rate (NBR/BR), and a decrease in
(network) burst duration (NBD/BD), and percentage of
random spikes (PRS). Starting from DIV 27, these parameters

reached a plateau, indicating stabilization of neuronal
network activity.

To investigate the effect of chronic activity perturbation
on neuronal network dynamics, we co-cultured glutamater-
gicneurons, derived from three independent control hiPSC
lines (Ctrll, 2, and 3), with rat astrocytes on MEAs and
treated them with TTX, a sodium channel blocker, or with
a control vehicle (Figure 1A). This procedure allows for
testing if neuronal networks adapt to changes in neuronal
activity by means of homeostatic plasticity. At both DIV
30 and DIV 49, the presence of rhythmic and synchronous
network bursts, integrated by many spikes and involving
most of the channels (Figures 1B, 1C, S1A, S1B, and S1E),
indicated that control hiPSC-derived glutamatergic neu-
rons had organized into synaptically connected and spon-
taneously active neuronal networks (Frega et al., 2017).

TTX treatment for 48 h on DIV 49 networks completely
abolished neuronal activity (Figure 1C). Removing TTX af-
ter the 48-h treatment led to a significant increase in
network bursting activity, compared with pre-drug and
vehicle-treated control conditions (Figure 1C, S1B, S1E,
and S1F). To obtain a full picture of the network changes,
we performed a principal-component analysis (PCA),
including nine independent MEA parameters (Mossink
et al.,, 2021). PCA indicated a clear separation between
TTX- and vehicle-treated neuronal networks (Figure 1D).
The analysis identified mean NBR, BR, BD, and burst spike
rate (BSR) as the primary parameters responsible for the
observed changes between the two treatment groups (Fig-
ure 1D). NBR and BR were increased, while BD, BSR,
NBD, and network inter-burst interval (NIBI) were
decreased following TTX exposure compared with the
vehicle-treated condition. In contrast, we found no change
in MFR, PRS, and inter-burst interval (IBI) after TTX expo-
sure (Figure 1E). Moreover, upon TTX treatment, the cross
correlation within the entire neuronal network was
increased. Specifically, neuronal networks subjected to
TTX treatment showed increased link weight, while the
number of links remained unchanged (Figure S1I).
Together, these results suggest that the induction of ho-
meostatic plasticity by prolonged TTX exposure leads to
re-arrangement of neuronal networks, without an increase
in network activity (as measured by MFR).

Previous studies in rodents have shown that homeostatic
plasticity response to TTX at the single-cell level is

(F) Bar graphs showing the effect of 12 h, 24 h, 36 h, and 48 h TTX treatment on the NBR, BR, and BD for Ctrl1 neuronal networks. ALl MEA
parameters were measured 1 h after TTX withdrawal. n = number of MEA wells/batches: Veh n = 6/2 for each group, TTX n = 6/2 for each

group.

(G) Quantification of NBR and BR over time for vehicle-treated (Veh) and 48-h TTX-treated (TTX) neurons (Ctrl1). n = number of MEA wells/
batches: Veh n = 15/3, TTX n = 21/3. Data represent means = SEM. ns: not significant, *p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.0001. For (E), unpaired Student’s t test was performed between two groups. For (F) and (G), two-way ANOVA test followed by a
post hoc Bonferroni correction was performed between conditions. All means, SEMs, and test statistics are listed in Table S3.

2224 Stem Cell Reports | Vol. 18 | 2222-2239 | November 14, 2023



)
©

A Ctrl hiPSCs Ctrl human neurons Add TTX Remove TTX
@ W l Add NASPM
L 11 I \\;I l
I R I ADJ I
DIVO DIV 49 DIV 49+12 h
DIV 49+24 h
DIV 49+48 h
B C NBR BR
204 20— JVeh
OTTX-12h
o . . B TTX-12 h+NASPM
_ _ o
. X . 15 o 15
— €10 2 10—
1a 11 III oL oL ~ 3
= T p—— x a
m
z &
5 5 —
TTX-12 h+NASPM A
T
e —
1 07 07
5s
D L L u L A E NBR BR
30— 40— [1Veh
Veh e - EITTX-24 h
i i i . —— — EETTX-24 h+NASPM
o 30 =
A _m__in E SN IH 5 N R/S !N 5 5 5 5§ S| N R R _ O
N = = = = = = - = = ] = £ IS
= TN T W NN N W W W W T W W W] - 3 %
B R - T S 520
T - a
W im limiim - T im - Y % [e] =
2 0 &
10—
TTX-24 h+NASPM & a7 o
R i T
1.!_!_“_‘# 1 J
1 1 0 0—
5s
F et e O NBR B
—m o F——— 1 40— 40— Ve
T - T F — — ‘eh
Veh B—8&— - & —&—— xx o CITTX-48 h
T S — i w————— S T—T—— - . I TTX-48 h+NASPM
30— o 30— o
- - —— . - — —_
- . A " . T c g
—a B _EN B
TTX-48 h S A n e e EEaeit £ 5
E == DEETR AR 20 o 520
n A T AL T 1 x e
Hm T -
Q o
z o o
e e r R e s 10 10—
TTX-48 h+NASPM " - T - - o
0 0—

5s

Figure 2. GluA2-lacking AMPA receptors are expressed in an early stage of homeostatic plasticity

(A) Schematic representation of tetrodotoxin (TTX) treatment and 1-naphthyl acetyl spermine trihydrochloride (NASPM) treatment
workflow.

(B) Representative raster plots showing 1 min of spontaneous activity from Ctrl2 neuronal networks grown on microelectrode arrays
(MEAs). Where indicated, the neurons were vehicle-treated (Veh), or neurons were first treated with 1 uM TTX for 12 h and then TTX was
removed (TTX-12 h), or neurons were treated with 10 uM NASPM after TTX was removed (TTX-12 h+NASPM).

(legend continued on next page)
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dependent on the duration of TTX treatment (Benevento
et al., 2016; Ibata et al., 2008). We tested if this was also
the case at the network level in human neuronal networks
by applying TTX for 12, 24, 36, and 48 h. Following the
withdrawal of TTX, we observed a significant increase in
both NBR and BR already after only 12 h of treatment.
These parameters continued to increase with longer treat-
ment durations, peaking at 36 to 48 h of TTX treatment
before reaching a plateau. However, BD only decreased af-
ter 48 h of TTX exposure, and not with shorter TTX expo-
sures (Figures 1F and S1C). Of interest, when we recorded
the network activity on an hourly basis to investigate
if the changes in network activity persisted after TTX
withdrawal, we found that 48-h TTX-treated neuronal net-
works gradually returned to pre-drug levels within 48 h
(Figures 1G and S1D). This confirms the continuous nature
of homeostatic plasticity in human neuronal networks.

GluA2-lacking AMPA receptors are expressed in an
early stage of homeostatic plasticity in hiPSC-derived
neurons

Membrane insertion of GluA2-lacking AMPA receptors (cal-
cium-permeable AMPA receptors) is required for the induc-
tion of homeostatic plasticity. GluA2-lacking AMPA recep-
tors are subsequently replaced with GluA2-containing
AMPA receptors (Sutton et al.,, 2006; Hou et al., 2008).
These mechanisms regulate synaptic strength and are
known to underlie synaptic scaling mechanisms (Man,
2011; Soares et al., 2013). To investigate if these mecha-
nisms are also contributing to homeostatic plasticity in
this human model system, we first tested if activity in con-
trol hiPSC-derived neuronal networks is driven by AMPA
receptors, by adding a selective antagonist of AMPA recep-
tors (NBQX). NBQX completely abolished the network
bursting activity compared with vehicle-treated conditions
(Figures S2C and S2D) (Frega et al., 2019). Next, we applied
1-naphthyl acetyl spermine trihydrochloride (NASPM), a
specific antagonist for GluA2-lacking AMPA receptors, to
hiPSC-derived neuronal networks that were already

exposed to TTX for 12, 24, and 48 h (Figure 2A). We found
that NASPM prevented the TTX-induced increase in NBR
and BR (Figures 2B and 2C) in the neuronal networks
treated for 12 h with TTX. Importantly, NASPM had no ef-
fect on NBR and BR before TTX application (Figures S2A
and S2B), confirming that the expression of GluA2-lacking
AMPA receptors was exclusively induced by neuronal activ-
ity suppression with TTX. After longer TTX exposure, i.e.,
24 h and 48 h, NASPM did not affect the increase in NBR
and BR (Figures 2D-2G), suggesting that GluA2-lacking
AMPA receptors had already been replaced by GluA2-con-
taining AMPA receptors at these time points. Taken
together, these results indicate that GluA2-lacking AMPA
receptors do contribute to network re-arrangement in
hiPSC-derived neuronal networks, where they are incorpo-
rated into synapses in an early stage of TTX-induced
homeostatic plasticity (0-12 h).

Homeostatic plasticity involves increased miniature
excitatory postsynaptic current amplitude and
elongation of axon initial segments in hiPSC-derived
neurons

We next investigated presynaptic and postsynaptic contri-
butions to synaptic scaling following TTX treatment at the
single-cell level. With whole-cell electrophysiological re-
cordings of hiPSC-derived neurons treated with vehicle
or TTX for 48 h, we found that TTX treatment induced
an increase in miniature excitatory postsynaptic current
(mEPSC) amplitude without affecting mEPSC frequency
(Figures 3A-3C and S3A-S3C). The changes in mEPSC
amplitude were scalable, as they were observed across
different mEPSC amplitudes (Figures 3D and S3D), which
is a major property of synaptic scaling (Moulin et al.,
2020; Turrigiano et al., 1998). This functional readout sug-
gests that neuronal activity suppression results in increased
postsynaptic AMPA receptor expression. To corroborate
these results, we quantified the surface expression of
AMPA receptors GluAl and GluA2 at the postsynaptic
membrane after TTX treatment. Analysis of GluA2 surface

(C) Bar graphs showing the quantification of mean network burst rate (NBR) and mean burst rate (BR) for (B). n = number of MEA wells/
batches: Veh n = 4/1, TTX-12 h n = 4/1, TTX-12 h+NASPM n = 4/1.

(D) Representative raster plots showing 1 min of spontaneous activity from Ctrl1 neuronal networks grown on MEAs. Where indicated, the
neurons were vehicle-treated (Veh), or neurons were first treated with 1 uM TTX for 24 h and then TTX was removed (TTX-24 h), or neurons
were treated with 10 pM NASPM after TTX was removed (TTX-24 h+NASPM).

(E) Bar graphs showing the quantification of NBR and BR for (D). n = number of MEA wells/batches: Veh n=4/1, TTX-24 h n = 4/1, TTX-24
h+NASPM n = 4/1.

(F) Representative raster plots showing 1 min of spontaneous activity from Ctrl1 neuronal networks grown on MEAs. Where indicated, the
neurons were vehicle-treated (Veh), or neurons were first treated with 1 pM TTX for 48 h and then TTX was removed (TTX-48 h), or neurons
were treated with 10 uM NASPM after TTX was removed (TTX-48 h+NASPM).

(G) Bar graphs showing the quantification of NBR and BR for (F). n = number of MEA wells/batches: Veh n=4/1, TTX-48 h n = 4/1, TTX-48
h+NASPM n = 4/1. Data represent means + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, one-way ANOVA test followed by a post hoc
Bonferroni correction was performed between conditions. All means, SEMs, and test statistics are listed in Table S3.
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Figure 3. Increased miniature excitatory postsynaptic current (mEPSC) amplitudes and elongation of axon initial segment (AIS)

following

TTX treatment

(A-D) Representative mEPSC traces of vehicle-treated (Veh) and 48-h TTX-treated (TTX) neurons (Ctrl1; A). Quantification of the amplitude
(B) and frequency of mEPSCs (C) in Veh- and TTX-treated neurons. n = number of cells/batches: Veh n = 21/3, TTX n = 23/3. Rescaled
cumulative mEPSCs amplitude (Scaling = TTX values * 1.21; D).

(legend continued on next page)
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expression indeed revealed an increase in the number of
surface GluA2 puncta after 48 h of TTX treatment
(Figures 3E and 3F), which is in line with our functional
data at single-cell and neuronal network levels. However,
TTX did not cause changes in the number of surface
GluA1l puncta (Figures S3H and S3I). In addition, we found
no difference in the density of Synapsin/Homer1 co-local-
ized puncta between vehicle- and TTX-treated neurons
(Figures 3G and 3H), suggesting that the TTX treatment
did not induce any alteration in the number of functional
synapses. However, an increased density of Homer1 puncta
was noticed following TTX treatment, while no changes
were observed in the intensity of Homerl or the density
of Synapsin (Figures S3E-S3G).

In addition to synaptic scaling, neurons also respond to
altered activity by modifying their intrinsic excitability.
Changes in neuronal intrinsic excitability can occur
through a variety of mechanisms, including changes in
structural characteristics of the axon initial segment (AIS).
For instance, the elongation of the AIS has been shown to
increase neuronal excitability and to facilitate action po-
tential generation (Kuba et al., 2010, 2015). TTX treatment
(48 h) significantly increased AIS length compared with
vehicle-treated neurons (Figures 31-3K). This confirms
that, besides changes in functional synaptic properties, al-
terations in the structural characteristics of axons also
occur following neuronal activity suppression with TTX
and may contribute to the increase in network excitability.

Transcriptional changes in neurons following TTX
treatment are associated with homeostatic plasticity
The increase in AMPA receptor levels can be seen as early as
4-6 h after activity suppression. The increase in synaptic
strength continues for up to 24 or 48 h (Ibata et al,,
2008). This time frame of homeostatic plasticity-related
processes suggests that changes in the transcription pro-
gram of neurons could mediate such processes (Ibata
et al., 2008; Schaukowitch et al., 2017). In order to further
understand the molecular changes associated with a later
stage of TTX-induced homeostatic plasticity, in both neu-
rons and astrocytes, we performed RNA-sequencing

(RNA-seq) of vehicle- and 48-h TTX-treated DIV 49
neuron-astrocyte co-cultures. hiPSCs-neuronal networks
highly expressed SLC17A6, as well as genes coding for
AMPA (e.g., GRIA2), Kainate (e.g., GRIKS), and NMDA
(e.g., GRIN3A and GRIN2D; Figure S4E) receptor subunits,
confirming the glutamatergic identity of our cultures.
PCA analysis segregated TTX- and vehicle-treated neurons
and astrocytes, confirming TTX treatment-related changes
in the transcriptional activity of the neuronal networks
(Figures 4A and 5A).

With an absolute log, fold change (FC) >0.58 and multiple
testing-adjusted p value <0.05, we identified 366 down-regu-
lated and 264 up-regulated genes in TTX-treated neuronal
networks, compared with vehicle-treated ones (Figure 4B
and Table S1). These transcriptional changes were consistent
across samples within each condition (Figure 4C). The
largest changes in gene expression were observed for IQ-
GAP3, ANGPTL2, AQP3, ENSG00000286502, and HK2 (Fig-
ure 4B and Table S1).

Among genes up-regulated by TTX treatment, gene
ontology (GO) analysis showed “extracellular matrix orga-
nization” to be the most strongly enriched term, including
members of the Disintegrin and Metalloproteinase with
Thrombospondin motifs (ADAMTS) family, such as
ADAMTS17, ADAMTSS, and ADAMTS18 (Figures 4D and
S4A, and Table S1). Additionally, the term “positive regula-
tion of gene expression” was also enriched, including
several transcription factors, such as ATF3 and HOXAS (Fig-
ure S4A and Table S1).

Genes down-regulated by TTX treatment, including
ADAMTSL4, ADAMTS9, NPTX1, BDNF, VGF, NR4A1, and
TNC (Figure S4A and Table S1), were generally related to
cell communication; enriched terms included “response
to stimulus”, “signaling”, “transport”, “vesicle”, “extracel-
lular space”, and “cell junction” (Figure 4D and Table S1).
Neuronal pentraxin-1 (NPTX1) and brain-derived neuro-
trophic factor (BDNF) have been previously implicated in
homeostatic plasticity. While chronic network deprivation
leads to decreased BDNF release (Karpova et al., 2010; Cast-
ren et al., 1992), increased Nptx1 expression was observed
6 h after TTX treatment in mouse hippocampal cultures

(E) Representative images of vehicle-treated (Veh) and 48 h TTX-treated (TTX) neurons (Ctrl1) stained for MAP2 (gray), surface GluA2

(green), and Synapsin 1/2 (red) (scale bar, 5 um).

(F) Quantification of GluA2 puncta (number per 10 um). n = number of cells/batches: Veh n = 18/2, TTX n = 28/2.
(G) Representative images of vehicle-treated (Veh) and 48-h TTX-treated (TTX) neurons (Ctrl1) stained for MAP2 (gray), Homer1 (green),

and Synapsin 1/2 (red) (scale bar, 5 um).

(H) Quantification of Synapsin/Homer1 co-localized puncta (number per 10 um). n = number of cells/batches: Veh n=20/1, TTX n=25/1.
(I) Representative images of vehicle-treated (Veh) and 48 h TTX-treated (TTX) neurons (Ctrl1) stained for MAP2 (gray), ANKG (green), and

Hoechst (blue) at DIV 49 (scale bar, 5 um).

(J and K) Plots showing cumulative fraction and quantification of the length axon initial segment (AIS; um). n = number of cells/batches:
Veh n = 14/2, TTX n = 14/2. Data represent means = SEM. ns: not significant, *p < 0.05, ****p < 0.0001, unpaired Student’s t test was
performed between two groups. All means, SEMs, and test statistics are listed in Table S3.
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Figure 4. Transcriptional changes in human neurons associated with homeostatic plasticity

(A) Principal-component analysis (PCA) of RNA-sequencing data of six samples, three TTX- and three vehicle-treated hiPSC-derived

neurons samples (Ctrl1). Colors indicate the received treatment (red = TTX, and black = vehicle).

(B) Volcano plot depicting differential gene expression between TTX- and vehicle-treated neurons. Colored dots indicate differentially
expressed genes (DEGs; absolute log, fold change (Log,FC) >0.58 and adjusted p value <0.05). Up-requlated genes in TTX-treated neurons

(legend continued on next page)
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(Schaukowitch et al., 2017). We observed reduced BDNF
and NPTX1 expression in the TTX-treated networks, which
was corroborated with quantitative polymerase chain reac-
tion (Figure S4B). The dissimilarity in NPTX1 expression
level between our study and the previous finding (Schauko-
witch et al., 2017) might be attributed to different stages of
homeostatic plasticity being examined. Our RNA-seq anal-
ysis focused on a later stage (48 h) of homeostatic plasticity,
during which we exclusively observed a decrease in NPTX1
expression, potentially leading to an enhancement in
intrinsic excitability (Figueiro-Silva et al., 2015). We did
not observe changes in the expression of genes coding for
AMPA or NMDA receptors following TTX treatment (Fig-
ure S4E), indicating that the observed alterations in
AMPA receptors occur exclusively at the postsynaptic
membrane surface and not at the transcriptional level. By
assessing the function of TTX-induced differentially
expressed genes (DEGs) in the synaptic compartment
through SynGO ontologies and annotations (Koopmans
etal., 2019), we observed that DEGs were mostly associated
with synaptic organization, synaptic signaling, and presyn-
aptic and postsynaptic processes (Figures S4C and $4D, and
Table S1).

Considering that alterations in homeostatic plasticity
during development may contribute to the pathophysi-
ology of different NDDs (Antoine et al.,, 2019; Bulow
et al., 2019; Lee et al., 2018; Benevento et al., 2016; Zeng
et al.,, 2007; Dani et al., 2005), we tested whether the
TTX-induced transcriptional changes were associated
with genes previously related to NDDs (Fu et al., 2022; Leb-
londetal., 2021). While we did not identify a significant as-
sociation between the list of TTX-induced DEGs and lists of
genes previously related to NDDs (Table S1), we still
observed some overlap (5.6%; 35 of 630; Figures 4E
and 4F), including MAOA, TH, and TRAPPC9 (Figure 4F
and Table S1). This result suggests that altered expression

of these genes could affect homeostatic plasticity in
some NDDs.

Finally, to identify potential conserved molecular mech-
anisms involved in homeostatic plasticity between human
and mouse neurons, we compared our list of TTX-induced
DEGs with previously identified TTX-induced DEGs in
mouse primary hippocampal neurons (Yu et al., 2015).
The overlap with previously identified up-regulated
(0.4%; 1 of 264) and down-regulated DEGs was, however,
low (1%; 4 of 366; Figure 4G and Table S1). Overlapping
genes were TXNIP, HDAC9, DUSP4, ADCYAP1, and VGF
(Figure 4G and Table S1). This may suggest that changes
in gene expression activity contributing to homeostatic
plasticity differ between mice and humans. However, dif-
ferences in the experimental design, including different
studied brain regions (mouse primary hippocampal neu-
rons versus co-cultures of human cortical neurons and rat
astrocytes), or different stages of homeostatic plasticity
(4-h TTX treatment versus 48-h TTX treatment) could
also be contributing to the lack of consistency between
the species.

Overall, these results identify multiple genes that likely
contribute to homeostatic plasticity. Suppression of
neuronal activity may induce reduction in the expression
of genes involved in cell communication, while changes
in the extracellular matrix might contribute to increased
neuronal synchronized activity observed in homeostatic
plasticity.

Suppression of neuronal activity induces
transcriptional changes in astrocytes

Astrocytes are sensitive to changes in neuronal activity and
are known regulators of homeostatic plasticity (Lines et al.,
2020; Perez-Catalan et al., 2021). We identified 91 up-regu-
lated and 87 down-regulated astrocytic genes in response
to neuronal activity suppression with TTX (Figure 5B and

are shown in red, down-regulated genes are depicted in black. The five genes with the greatest change in expression activity between the
two conditions are indicated.

(C) Heatmap depicting scaled expression of DEGs in the six samples.

(D) Scatterplot of the enrichment analysis results depicting the top three significant gene ontology (GO) terms associated with up-
regulated (red dots) and down-regulated genes (black dots) in neurons exposed to TTX treatment as compared with vehicle-treated
neurons. Terms are ordered per ontological category (MF: molecular function; CC: cellular component; BP: biological process). The size of
the dots indicates the number of genes observed in the list of DEGs and the list of genes associated with the particular term. Score:
negative log,o of the adjusted p value resulting from the enrichment analysis.

(E) Venn diagram depicting the number of shared genes between the list of DEGs in TTX-treated neurons (red circle, TTX) and genes
previously related to neurodevelopmental disorders (NDDs; light-blue circle, High_confidence_NDD) (Leblond et al., 2021) and highly
confident autism-related genes (light-green circle, ASD) (Fu et al., 2022).

(F) Bar plot depicting the Log,FC value of the 35 shared genes observed in (E). Fold change was calculated by normalizing gene expression
level of TTX-treated condition to vehicle-treated condition.

(G) Four-way volcano plot depicting expression changes in hiPSC-derived neurons and mouse neurons treated with TTX (absolute
Log,FC > 0.58 and adjusted p value <0.05) (Yu et al., 2015). Each dot represents a gene. Red dots represent genes up-regulated in both
hiPSC-derived neurons and mouse neurons in response to TTX, black dots represent down-regulated genes in both hiPSC-derived neurons
and mouse neurons exposed to TTX.
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Figure 5. Transcriptional changes are induced by suppression of neuronal activity in rat astrocytes

(A) PCA plot of RNA-sequencing data of six samples, three TTX- and three vehicle-exposed rat astrocytes derived from co-cultures with
hiPSC-derived neurons (Ctrl1). Colors indicate the received treatment (red = TTX, and black = vehicle).

(B) Volcano plot depicting differential gene expression between TTX- and vehicle-exposed astrocytes. Colored dots indicate DEGs (Ab-
solute Log,FC > 0.58 and adjusted p value <0.05). Up-regulated genes in TTX-exposed astrocytes are shown in red, down-regulated genes
are depicted in black. The five genes with the greatest change in expression activity between the two conditions are indicated.

(C) Heatmap depicting scaled expression of DEGs in the six astrocyte samples.

(legend continued on next page)
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Table S2). Transcriptional changes in astrocytes were
consistently seen in the same conditions (Figure 5C and
Table S2). Arc, Map2k3, Dio2, Chgb, and AC118957.1 were
identified as the genes with the strongest expression
changes between vehicle- and TTX-exposed astrocytes (Fig-
ure 5B and Table S2).

GO enrichment analysis indicated significant association
between the up-regulated astrocytic genes and ontological
terms likely related to neuronal function (Figure 5D and
Table S2), such as “cell junction”, “ion transport”, “neuron
projection”, and “transmembrane transporter activity”.
Particularly, the expression of Arc, Egr3, Avprla, and Astn2
was increased in TTX-exposed astrocytes (Figure SSA and
Table S2). Together, these observations suggest that upon
suppression of neuronal activity, astrocytes increase the
expression of genes that could modulate synaptic activity.
In contrast, down-regulated genes in astrocytes exposed
to TTX showed significant association with terms related
to “response to abiotic stimulus”, “response to external
stimulus”, and “signaling receptor activity”, suggesting
that a reduced expression of genes related to response to
stimuli in astrocytes may be a consequence of neuronal ac-
tivity suppression, which could decrease the stimulation of
the astrocytes in culture. We further assessed the role of as-
trocytic DEGs induced by neuronal activity suppression in
the synaptic compartment using SynGO ontologies and
annotations (Koopmans et al., 2019); we observed that as-
trocytic DEGs were related to both presynaptic and post-
synaptic processes (Figures S5C and S5D, and Table S2).

Similar to our analysis for the hiPSC-derived neurons, we
compared the list of DEGs in astrocytes exposed to
neuronal activity suppression with lists of genes previously
related to NDDs (Fu et al., 2022; Leblond et al., 2021). We
found that 7.9% (14 of 178) of DEGs were known NDD
genes (Figure SE and Table S2), such as Camk2a (Figure SF
and Table S2). Their observed roles in NDDs might thus
be related to an impaired astrocytic contribution to homeo-
static plasticity.

Finally, to identify potentially shared mechanisms be-
tween neurons and astrocytes that could contribute to ho-
meostatic plasticity in our co-cultures, we compared the
transcriptional changes induced by TTX treatment in the

two cell types. To this end, we converted rat gene symbols
to human gene symbols and combined the transcriptional
profiles of all sequenced samples, including astrocytes and
neurons. PCA showed cell type to be the major source of
variation in gene expression. Nonetheless, samples were
also segregated by treatment, suggesting some shared tran-
scriptional changes in neurons and astrocytes after
neuronal activity suppression (Figure S5B). When inter-
secting the list of DEGs by TTX treatment in neurons and
astrocytes, we identified 11 commonly down-regulated
genes, including VEGFA, SCG2, and CCK, while the expres-
sion of ATF3 and COL13A1 was increased in both cell types.
We also identified nine genes with opposite changes in
transcriptional activity between neurons and astrocytes,
including SPON1, IGFBP3, and DISP3 (Figure SSE). These
oppositely regulated genes, of which several are involved
in lipid and energy metabolism, may be involved in cross-
talk mechanisms between neurons and astrocytes that
contribute to homeostatic plasticity.

Concluding, our transcriptional analysis of astrocytes in
the neuronal networks provides evidence corroborating
their role in the regulation of homeostatic plasticity and
identifies candidates for underlying genes and biological
pathways.

DISCUSSION

In this study, we describe a human in vitro neuronal model
for studying homeostatic plasticity at the network level.
Using this model, we provide insight into how synaptic
strength and intrinsic properties of neurons cooperate to
stabilize neuronal network activity in response to activity
suppression. We demonstrated that chronic deprivation
of neuronal activity through the inhibition of voltage-
gated sodium channels with TTX elicited a time-dependent
re-arrangement of neuronal networks. This re-arrangement
was characterized by significant increase in the synchro-
nized network activity following TTX treatment, as indi-
cated by metrics such as mean NBR, mean BR, and cross
correlation, while exhibiting no changes in global activity,
as determined by MFR. TTX-induced modifications

(D) Scatterplot depicting the top three significant GO terms, per ontological category (molecular function: MF, cellular component: CC and
biological process: BP), associated with up-regulated (red dots) and down-regulated genes (black dots) in astrocytes exposed to TTX
treatment, as compared with vehicle-exposed astrocytes. The size of the dots indicates the number of intersected genes between the list of
DEGs and the genes associated with the particular term. Score: negative logarithm10 of the adjusted p value resulting from the enrichment

analysis.

(E) Venn diagram depicting the number of shared genes between the list of DEGs in TTX-exposed astrocytes (red circle, TTX) and genes
previously related to NDDs (light-blue circle, High_confidence_NDD) (Leblond et al., 2021) and highly confident autism-related genes

(light-green circle, ASD) (Fu et al., 2022).

(F) Bar plot depicting the Log,FC value of the 14 shared genes observed in (E). Fold change was calculated by normalizing gene expression

level of TTX-treated condition to vehicle-treated condition.
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in neuronal network properties were accompanied by
increased surface expression of postsynaptic AMPA recep-
tors, as well as by elongation of axon initial segments. Addi-
tionally, we identified transcriptional changes induced by
suppression of neuronal activity in neurons and astrocytes,
which may underlie the network re-arrangement.

At the network level, we identified an increase in the
mean NBR and mean BR, along with decreased mean BD,
BSR, mean NBD, and NIBI following treatment with TTX.
Previous studies have demonstrated that both AMPA and
NMDA receptors play a crucial role in driving network
bursting activity (Odawara et al.,, 2016; Suresh et al.,
2016). However, our previous study demonstrated that in
control hiPSC-derived neuronal networks, network
bursting activity is mainly mediated by AMPA receptors
(Frega et al., 2019). This was evidenced by the inhibition
of AMPA receptors with NBQX completely abolished
network bursting activity, whereas the blockade of NMDA
receptors (D-APS) only slightly reduced this form of activ-
ity, and mostly reduced NBD. In the present work, we
observed increased expression of surface AMPA receptors
following TTX treatment. An increase in AMPA receptors
may facilitate excitatory neurotransmission (Watson
et al., 2017; Niedringhaus et al., 2013), which could be
translated into increased network bursts. Taken together,
these findings suggest that changes in bursting activity,
by means of increased NBR and BR, and reduced NIBI,
can primarily be attributed to the up-regulation of surface
AMPA receptors. Moreover, AMPA receptor-driven bursts
have shorter durations, while NMDA receptor-driven
bursts have comparatively longer durations (Odawara
et al., 2016; Suresh et al., 2016). Therefore, the decrease
in BD, NBD, and BSR may also be explained by increased
expression of AMPA receptors after adding TTX. Further
investigation is necessary to elucidate this relationship in
greater detail.

Increased synchronized activity following neuronal ac-
tivity suppression has been described in a rodent model
of homeostatic plasticity, where short-term treatment
with TTX induced synchronized burst oscillations (Zhou
et al., 2009). Our study in hiPSC-derived neurons verified
earlier reported presence of homeostatic plasticity mecha-
nisms regulating neuronal excitability at the network and
single-cell levels (Cordella et al., 2022; Zhang et al.,
2018). We found that in the hiPSC-derived neurons, the
early increase (0-12 h) in synchronized network activity
observed after suppression of neuronal activity was depen-
dent on the expression of GluA2-lacking AMPA receptors
and, in a later stage (24-48 h), was associated with
increased expression of GluA2-containing AMPA receptors.
These findings align with previous studies in rodents
showing involvement of GluA2-lacking AMPA receptors
in the induction of homeostatic plasticity, particularly in

the early initiation phase (Hou et al., 2008; Sutton et al.,
2006). Furthermore, a study of cultured rat hippocampal
neurons demonstrated that just 1 h blockade of NMDA re-
ceptors leads to an up-regulation of GluA2-lacking AMPA
receptors. However, it is important to note that GluA2-lack-
ing receptors do not exert influence during the late phase of
homeostatic plasticity, occurring 2 days after the suppres-
sion of firing rate through Kir2.1 transfection (Hou et al.,
2008) and after 24-48 h of TTX in our in vitro human neu-
rons. Moreover, we confirmed that the network re-arrange-
ment following TTX treatment was associated with
increased mEPSC amplitudes and elongation of the AIS,
matching expected changes in structural properties of AIS
and postsynaptic AMPA receptors after suppression of
neuronal activity (Chater and Goda, 2014; Grubb and Bur-
rone, 2010). Taken together, these results indicate that we
provide a valid model of homeostatic plasticity.

Using our model system, we observed that increased syn-
chronized activity gradually returned to pre-drug level
within 48 h after TTX removal, consistent with the notion
that homeostatic plasticity, as induced by TTX, will restore
network activity from a hyper-active level to a set-point
level. In mammalian synapses, pharmacological block of
postsynaptic AMPA receptors or genetic knockout of
GluA4 AMPA receptors is known to trigger a presynaptic
form of homeostatic plasticity (Delvendahl et al., 2019; Ja-
kawich et al., 2010; Lindskog et al., 2010). Thus in our
model, we may hypothesize that the accumulation of post-
synaptic AMPA receptors, as induced by the prolonged TTX
exposure, might cause an increase in miniature excitatory
postsynaptic potential amplitude, which then induces a
homeostatic decrease in presynaptic vesicle release. Future
studies are needed to test this hypothesis.

Previous studies in rodents suggested that transcriptional
changes contribute to TTX-induced homeostatic plasticity
(Valakh et al., 2023; Schaukowitch et al., 2017; Benevento
et al., 2016; Yu et al., 2015). We noticed that both Valakh
et al. and Schaukowitch et al. highlighted the modulation
of transcriptional factor gene expression levels during TTX-
induced homeostatic plasticity. Valakh et al. specifically
emphasized that the activation of transcription factors
from the PAR bZIP family (e.g., HIf and Tef) plays a role in re-
straining the homeostatic up-regulation of network activity
in response to activity suppression, particularly following a
5-day TTX treatment in mouse brain slice cultures. Similarly,
Schaukowitch et al. demonstrated the up-regulation of two
other transcription factors (Elk 1 and Srf) after a 6-h TTX treat-
ment in primary mouse cortical cultures, and they could
mediate TTX-dependent Nptx1 induction. In our current
study, we also observed an up-regulation of genes associated
with “positive regulation of gene expression” in neurons
following TTX treatment. Among these genes, certain tran-
scription factors such as ATF3 and HOXAS5 (Figure S4A)
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have been previously demonstrated to regulate synaptic
transmission and synaptic plasticity (Ahlgren et al., 2014;
Lizen et al., 2017). Therefore, these transcription factors
could potentially act as significant modulators of the homeo-
static responses. In our previous study (Benevento et al.,
2016) conducted on rat primary cortical neurons, we
observed that genes exhibiting down-regulation following
TTX treatment were associated with various biological pro-
cesses, such as cholesterol biosynthesis and potassium ion
channels. However, in our present study, we found that the
down-regulated neuronal genes in response to TTX treat-
ment were primarily related to cell communication. It is
important to note that changes in gene expression related
to cell communication may be a mere consequence of sup-
pressing neuronal activity and might not directly connect
to the underlying molecular mechanisms of homeostatic
plasticity. For instance, the expression of NR4A1 is activity-
dependent (Jeanneteau et al., 2018; Hawk and Abel, 2011),
and we observed reduced NR4A1 in TTX-treated neurons.
Feedback loops may be hypothesized, by which the detec-
tion of a reduced expression of genes related to cell commu-
nication could contribute to activating homeostatic plas-
ticity mechanisms. In our comparative analysis between
the DEGs resulting from TTX treatment (48 h), as observed
in our study, and the ones reported by Yu et al., a subset of
genes was found to be shared, including TXNIP, HDAC9Y,
DUSP4, ADCYAP1, and VGF. Notably, Yu et al. focused on
investigating the effects of TTX treatment on mouse primary
hippocampal neurons at very early time points (4 h), indi-
cating that these overlapping genes potentially hold signifi-
cance in both stages of homeostatic plasticity. However, we
have to highlight that our culture system lacks inhibitory
input, which can have implications for modeling homeo-
static plasticity in neuronal networks and may contribute
to divergent observations across studies.

In addition, the transcriptional program induced by
neuronal activity suppression implicated increased expres-
sion of neuronal genes related to “extracellular matrix orga-
nization.” Extracellular matrix (ECM) molecules are syn-
thesized by neurons as well as by non-neural cells, and
are secreted into the extracellular space (Dityatev and
Schachner, 2003). Reorganization of the ECM can modu-
late neuronal connectivity and plays a role in synaptic plas-
ticity and homeostasis (Bikbaev et al., 2015; Frischknecht
and Gundelfinger, 2012; Dityatev et al., 2010). Members
of the ADAMTS family, such as ADAMTS17, ADAMTSS,
and ADAMTSI1S, exhibited increased expression in
response to TTX (Figure S4A). These proteins are involved
in the degradation of the ECM during development, and
play an essential role in neuroplasticity (Ferrer-Ferrer and
Dityatev, 2018; Gottschall and Howell, 2015). Based on
our results, the reorganization of the ECM also appears
important in homeostatic plasticity. Other ECM molecules
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also were altered in their expression by suppression of
neuronal activity, such as tenascin C (TNC), which ex-
hibited reduced neuronal expression in response to TTX
(Figure S4A). Reduced TNC might cause the increase of
mEPSC amplitude we observed by reducing L-type
voltage-gated calcium channel-mediated signaling (Evers
et al., 2002; Wang et al., 2011).

Our in vitro model of network plasticity allows us to explore
not only neuronal mechanisms of homeostatic plasticity but
also the potential role of astrocytes in this process. In our
study, we observed significant transcriptional changes in as-
trocytes exposed to neuronal activity suppression. For
example, Arc (Figure S5A), an immediate-early gene (IEG),
was up-regulated in its expression. In neurons, Arc expres-
sion is dynamically regulated by neuronal activity, and it
modulates synaptic strength by controlling endocytosis of
AMPA receptors at the synapse (Shepherd and Bear, 2011;
Shepherd et al., 2006). It has previously been reported that
Arcand other IEGs are also expressed in astrocytes (Rodriguez
etal., 2008; Rubio, 1997; Kato et al., 1995). We speculate that
Arc was transcribed and may be released from the astrocytes
into the synapse, where it may modulate synaptic plasticity,
as described for other astrocyte-secreted factors (Perez-
Catalan et al., 2021; Wang et al., 2021). We also observed
increased expression of Egr3, Avprla, and Astn2 in TTX-
exposed astrocytes (Figure S5A). Avprla belongs to the sub-
family of G-protein-coupled receptors that bind arginine
vasopressin (AVP), and it promotes LTP induction (Namba
et al., 2016); Egr3 is important for normal hippocampal
LTD (Gallitano-Mendel et al., 2007); Astn2 is a transmem-
brane protein that also modulates synaptic function by traf-
ficking of neuroligins and synaptic proteins in Purkinje cells
(Behesti et al., 2018). Together, these observations suggest
that astrocytes increase the expression of genes that could
modulate synaptic activity upon suppression of activity of
(neighboring) neurons. Such findings indicate that the astro-
cytic contribution to homeostatic plasticity might be more
pronounced than previously considered and should be stud-
ied more intensively.

Some limitations should be taken into account in the
interpretation of our results. Considering that some sub-
types of astrocytes exhibit sensitivity to TTX (McNeill
et al., 2021; Sontheimer and Waxman, 1992), we cannot
discriminate transcriptional changes directly related to
suppression of neuronal activity and homeostatic plasticity
mechanisms, from changes induced by TTX effects on as-
trocytes (that may or may not influence homeostatic plas-
ticity). Comparing the gene expression profile of our TTX-
treated neuron-astrocyte co-cultures with pure astrocyte
cultures treated with TTX may help identify genes and pro-
cesses induced by TTX treatment in astrocytes and provide
a basis for testing their role in homeostatic plasticity. Also,
the application of other methods to induce homeostatic



plasticity, more complex co-cultures (incorporating inhibi-
tory neurons), and setups using human astrocytes in future
studies could provide a more comprehensive understand-
ing of homeostatic plasticity in human neuronal networks.

To conclude, we provide evidence that hiPSC-derived
neuronal networks display homeostatic plasticity at the
network and single-cell levels. Our in vitro model of
network plasticity is versatile and allows investigation of
human homeostatic plasticity mechanisms. It may also
provide a platform for (high-throughput) drug screening,
to explore whether specific compounds can be used to
rescue altered or insufficient homoeostatic plasticity in
the context of brain disorders, such as NDDs.
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Human iPSC cell culture

In this study, we used three independent control hiPSC lines,
including Ctrl1, Ctrl2, and Ctrl3. All of them were obtained by re-
programming skin fibroblasts and have been described in detail
previously (Frega et al., 2019; Mossink et al., 2021). More details
also can be found in our supplemental experimental procedures.
HiPSCs were cultured in Essential 8 Flex medium (Gibco,
A2858501) supplemented with 0.1 mg/mL Primocin (Invivogen,
ant-pm-2) on 6-well plates pre-coated with Matrigel (1:15 diluted
in DMEM/F12 medium; Matrigel: Corning, #356231; DMEM/F12
medium: Gibco, 11320074) at 37°C, 5% CO,. See supplemental
experimental procedures for full details.

Neuronal differentiation

At DIV 0, hiPSCs were dissociated with Accutase (Sigma-Aldrich,
A6964) to generate single cells. HiPSCs were then plated on micro-
electrode array (MEA) plates (20,000 cells/well) or glass, nitric-acid-
treated coverslips (20,000 cells/well) in Essential 8 medium (Gibco,
A1517001) supplemented with Primocin (0.1 mg/mL, Invivogen,
ant-pm-2), RevitaCell (1:100, Gibco, A2644501), and doxycycline
(4 pg/mL). MEA plates and coverslips were pre-coated with
50 pg/mL poly-L-ornithine (Sigma-Aldrich, P4957) for 3 h at
37°C, 5% COj, and 20 pg/mL human recombinant laminin
(BioLamina, LN521) overnight at 4°C. See supplemental experi-
mental procedures for full details.

Procedure for TTX treatment and TTX withdrawal on
MEA plates

The effect of TTX treatment was exclusively evaluated in neurons
at DIV 49 due to the observed sensitivity of younger neurons to the

washing out process. This sensitivity was reflected by increased
neuronal network activity at DIV 30, but not at DIV 49 after
washing out TTX (Figure S1A). Nonetheless, similar to DIV 49 neu-
rons, DIV 30 neuronal networks exhibited an increase in both
mean NBR and mean BR following TTX treatment (Figures S1G
and S1H). Additional information regarding procedure of TTX
treatment and washing out is provided in the details in the supple-
mental experimental procedures.

MEA recordings and data analysis

All MEA recordings were performed using the 24-well MEA system
(Multichannel Systems, MCS GmbH, Reutlingen, Germany). Re-
cordings and data analysis procedures have been described previ-
ously in detail (Frega et al., 2019; Mossink et al., 2021). See supple-
mental experimental procedures for full details.

Immunocytochemistry

Cells cultured on coverslips were fixed with 4% paraformaldehyde
supplemented with 4% sucrose for 15 min at room temperature,
followed by permeabilization with 0.2% Triton in PBS for 10 min
at room temperature. Nonspecific binding sites were blocked by in-
cubation in blocking buffer (PBS, 5% normal goat serum, 1%
bovine serum albumin, 0.2% Triton) for 1 h at room temperature.
Cells were incubated in a primary antibody solution wherein anti-
bodies were diluted in blocking buffer overnight at 4°C. Secondary
antibodies, conjugated to Alexa-fluorochromes, were diluted in
blocking buffer and applied for 1 h at room temperature. Hoechst
33342 (Molecular Probes) was used to stain the nucleus before the
cells were mounted using DAKO fluorescent mounting medium
(DAKO). More details can be found in the supplemental experi-
mental procedures.

RNA-seq

Cells were treated with or without 1 uM TTX (Tocris, 1069) at DIV
49 and harvested at DIV 51. In all conditions, hiPSC-derived neu-
rons were co-cultured with rat astrocytes. For RNA-seq, the pre-
pared samples were sequenced on an Illumina NovaSeq 6000 S1
platform at an average depth of >50 million reads per sample using
a read length of 2*100 base pairs. See supplemental experimental
procedures for full details.

RNA-seq data processing

RNA-seq reads were mapped against the hybrid human and rat
reference genome (GRCh38+ Rnor6.0) with STAR/2.7.8a (Dobin
et al., 2013) using ENCODE parameters. Gene quantification was
performed with RSEM/1.3.0 (Li and Dewey, 2011) using the hu-
man gencode39 and rat ensembl104 annotations. See supple-
mental experimental procedures for full details.

Quantification and statistical analysis

The statistical analysis of the data was performed using GraphPad
Prism 9 (GraphPad Software, Inc., CA, USA). We first determined
whether data were normally distributed. Significance analysis
was done for different experimental conditions by one-way
ANOVA or two-way ANOVA with post hoc Bonferroni correction
when different cell lines, time lines, and drug-treated samples
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were included. Analysis was done using unpaired Student’s t tests
when comparing two conditions at a single time point. Results
with p values <0.05 were considered as significantly different (*),
p < 0.005 (**), p < 0.0005 (***), p < 0.0001 (****). Data are shown
as mean =+ standard error of the mean (SEM). All means, SEM,
and test statistics are listed in Table S3.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.09.011.
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