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ABSTRACT
BACKGROUND: Mutations in MECP2 predominantly cause Rett syndrome and can be modeled in vitro using human
stem cell–derived neurons. Patients with Rett syndrome have signs of cortical hyperexcitability, such as seizures.
Human stem cell–derived MECP2 null excitatory neurons have smaller soma size and reduced synaptic
connectivity but are also hyperexcitable due to higher input resistance. Paradoxically, networks of MECP2 null
neurons show a decrease in the frequency of network bursts consistent with a hypoconnectivity phenotype. Here,
we examine this issue.
METHODS: We reanalyzed multielectrode array data from 3 isogenic MECP2 cell line pairs recorded over 6 weeks
(n = 144). We used a custom burst detection algorithm to analyze network events and isolated a phenomenon that we
termed reverberating super bursts (RSBs). To probe potential mechanisms of RSBs, we conducted pharmacological
manipulations using bicuculline, EGTA-AM, and DMSO on 1 cell line (n = 34).
RESULTS: RSBs, often misidentified as single long-duration bursts, consisted of a large-amplitude initial burst
followed by several high-frequency, low-amplitude minibursts. Our analysis revealed that MECP2 null networks
exhibited increased frequency of RSBs, which produced increased bursts compared with isogenic controls.
Bicuculline or DMSO treatment did not affect RSBs. EGTA-AM selectively eliminated RSBs and rescued network
burst dynamics.
CONCLUSIONS: During early development, MECP2 null neurons are hyperexcitable and produce hyperexcitable
networks. This may predispose them to the emergence of hypersynchronic states that potentially translate into
seizures. Network hyperexcitability depends on asynchronous neurotransmitter release that is likely driven by pre-
synaptic Ca21 and can be rescued by EGTA-AM to restore typical network dynamics.

https://doi.org/10.1016/j.bpsgos.2024.100290
Mutations of the X-linked gene MECP2, coding for a global
transcriptional regulator that is critically involved in the devel-
opment of the nervous system, cause Rett syndrome (RTT)
(1–4). Patients with RTT show normal early development until 6
to 18 months of age, when acquired language is lost, repetitive
hand movements appear, and epilepsy develops in 60% to
80% of cases (2,4–6). MECP2 dysfunction generates an opa-
que and complex cascade of structural and functional changes
during development. How such changes produce features of
the RTT clinical phenotype such as neuronal network hyper-
excitability and seizures remains unclear.

An emerging tool for studying early human neuronal
network development is in vitro multielectrode array (MEA)
electrophysiological recordings (7–10). Neuronal cultures are
plated overtop a grid of electrodes that measure the activity of
neurons (8). Stereotypical patterns of spontaneous action po-
tential firing first emerge in single neurons as they mature (7),
and then neurons begin to fire action potentials in rapid suc-
cession followed by a period of relative quiescence (bursts)
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(11). Over time, individual neuronal bursts synchronize to
become network bursts (12–17), which are critical for the
development of synapses (18,19). Activity patterns in RTT
mutant networks, such as network burst duration and fre-
quency, deviate from those observed in control networks,
reflecting altered normal development (20).

Studies of animal models have reported that MECP2 mu-
tations disrupt synaptic function (1,21–23), and human stem
cell–derived MECP2 null excitatory neurons seem to form
networks with reduced burst frequency (7). However, the same
human MECP2 null neurons, when isolated from the network,
showed increased input resistance, suggesting hyperexcitable
neurons (7). A puzzling question is how increased neuronal
hyperexcitability can lead to decreased network bursts.

In the current study, we clarify these issues by recording the
activity of human pluripotent stem cell–derived neuronal net-
works carrying MECP2 mutations. We found that MECP2
mutant networks exhibit a complex bursting pattern termed
reverberating super burst (RSB), which consists of an initial
r Inc on behalf of the Society of Biological Psychiatry. This is an
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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large-amplitude burst followed by lower-amplitude high-
frequency minibursts. RSBs lead to an increase in the fre-
quency of network bursts in MECP2 null networks relative to
controls. Finally, we explored mechanisms of RSB generation.
We demonstrated that EGTA-AM (a slow-kinetic, membrane-
permeable Ca21 chelator) decreases RSB frequency, thereby
rescuing MECP2 null networks burst dynamics.

METHODS AND MATERIALS

The full methodology can be found in the Supplement.

Cell Culture and Differentiation

Three human-derived stem cell lines were previously gener-
ated. Briefly, CLT L124W mutant induced pluripotent stem cell
(iPSC) lines were derived from fibroblasts of a clinically diag-
nosed patient with RTT. WIBR3 was derived from an unaf-
fected embryonic stem cell line, and PGPC14 was from an
unaffected iPSC line. Isogenic pairs were generated via gene
editing (WIBR3, PGPC14) or XCI assays (CLT). NGN2 over-
expression protocol differentiated PSC lines toward excitatory
cortical neurons. Cell lines were examined for MECP2 protein
levels. For further information, refer to Mok et al. (7) and see the
Supplemental Materials and Methods 4.1.

MEA Plating and Recording

MEA plating was performed as described in Mok et al. (7).
Briefly, 12-Well Cytoview plates (Axion Biosystems) containing
64 electrodes per well were prepared and seeded with day 8
Ngn2 neurons. The following day, P1 mouse astrocytes were
added, maintaining a 5:1 ratio of neurons to astrocytes. MEAs
were recorded weekly on the Axion Maestro device using AxIS
version 2.0 software and analyzed in Python. See the
Supplemental Materials and Methods 4.2.

Pharmacological Treatments

MEA plates were monitored, and pharmacological treatments
began after RSBs were detected in culture. Before treatments,
culture media was changed and allowed to stabilize, and
baseline recordings were performed. Following baseline, 0.1%
DMSO or 10 mM bicuculline was added to each well. Ten-
minute posttreatment spontaneous activity was recorded.
Culture media was changed 3 times to wash out treatment.
EGTA-AM (25 mM) was always added as the final compound
because it was observed that normal baseline spontaneous
activity did not return even after washout. See the
Supplemental Materials and Methods 4.3.

Electrophysiological Analysis

All electrophysiological analysis was performed in Python.
Briefly, RSB detection was performed using a 4-phase pro-
cess: 1) signal conditioning, 2) burst detection loop, 3) rever-
berating network detection, and 4) reverberating super burst
construction loop. Features were generated subsequently. See
the Supplemental Materials and Methods 4.4 through 4.10.

Statistical Analyses

Statistical tests were performed using Python (versions 3.9
and 3.11) and JASP (version 0.17.1). Comparisons between
groups were conducted by 1-way analysis of variance, 2-way
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repeated-measures analysis of variance and Kruskal-Wallis,
Mann-Whitney, Wilcoxon matched paired signed rank, inde-
pendent samples Student’s t, and paired Student’s t tests, with
associated parametric and nonparametric post hoc tests
where appropriate (*p , .05, **p , .01, ***p , .001). Mono-
exponential decay fit, Pearson correlation, linear regression,
and random sample consensus (RANSAC) regression were
used to identify best fits and correlations. All figures were
created using Seaborn and Matplotlib. Schematics created
with BioRender.com.

RESULTS

A Hyperexcitability Phenotype in MECP2 Null Single
Neurons

Electrophysiological data recorded by Mok et al. from MECP2
mutant excitatory neurons and neuronal networks, including their
isogenic controls, were obtained from NDD-Ephys-dB (7)
(Figure 1A) (see Supplemental Materials and Methods 4.11). In
brief, Mok et al. generated excitatory neurons from 3 isogenic
pairs of female pluripotent stem cell lines (WIBR3, PGPC14, and
CLT) using the Ngn2 protocol (Figure 1B) (7). The MECP2 null
pairs were derived by gene editing of the healthy WIBR3 human
embryonic stem cell line or the PGPC14 healthy iPSC line. CLT
iPSC lines were derived from an atypical patient with RTT with the
milder phenotype of the preserved speech variant (heterozygous
L124Wmissense mutation) and expressed only the mutant or the
wild-type allele due to X-chromosome inactivation (Figure 1A, B).

We confirmed that WIBR3 MECP2 null neurons show a
lower rheobase than isogenic controls (Figure 1C–E). They also
showed a progressive increase in firing rate that peaks and
then declines with enhanced stimulus intensity (Figure 1D, E).
On the other hand, isogenic controls showed higher rheobase
but a sustained increase in firing frequency compared with
MECP2 null (Figure 1D, E). Spike rate adaptation, quantified as
the slope of an exponential decay function fitted to the firing
rate as a function of stimulation intensity, was stronger in
MECP2 null neurons than in controls (Figure 1F). These find-
ings indicate that MECP2 null single neurons, although more
hyperexcitable, reach lower peak firing rates and undergo
stronger spike rate adaptation than isogenic controls.

RSBs Emerge in MECP2 Mutant Neuronal Networks

The seemingly contradictory finding from the earlier MEA
phenotyping study was a decrease in network burst frequency
and increased network burst duration in MECP2 null networks
relative to isogenic control networks (7). To probe this, we
reanalyzed existing MEA data from the same isogenic pairs (7).
Network activity was recorded for 5 minutes every week for 6
weeks (Figure S1). Here, we refer to the rate of action poten-
tials across the different electrodes (i.e., channels) as network
activity. As networks developed, network activity transitioned
through various stages (described in the Supplemental Results
1.1). In week 6, wild-type control networks produced single-
network bursts (Figure 2A). In contrast, in a subset of mutant
networks, large-network events consisted of an initial single
large-amplitude burst (initiation burst) followed by several high-
frequency, lower-amplitude bursts (minibursts) (Figure 2B, C).
The entire complex was termed an RSB due to a super burst
.sobp.org/GOS
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Figure 1. Study design and hyperexcitability in MECP2 null single neurons. (A) Proportion of wild-type and MECP2 mutant human stem cell lines used from
Mok et al. (7), which can be found on NDD-Ephys-dB. (B) Schematic overview. Three female cell lines (WIBR3-unaffected embryonic stem cell; PGPC14-
unaffected iPSC; CLT L124W-affected patient-derived iPSC) were used to generate 3 isogenic pairs, for a total of 6 lines. Each line was differentiated into
excitatory neurons using a rapid single-step Ngn2 differentiation protocol and plated overtop mouse astrocytes. Intracellular single-neuron activity was measured
between weeks 4 and 5. Extracellular population activity was measured for 5 minutes weekly for 6 weeks. At week 5, pharmacological treatment with bicuculline
and EGTA-AM was performed on WIBR3. CLT results can be found in the Supplement. (C) Representative 1-second square pulse current clamp traces with 5-pA
increments. (D) Firing rate heatmap of WIBR3 neurons with 100 ms time bins. (E) Input response curve of average WIBR3 intracellular activity. WIBR3 null single
neurons exhibit lower rheobase, indicating hyperexcitability. (F) Exponential decay curve fit of the number of spikes per cell across sweeps over 1-second square
pulse. WIBR3 null single neurons exhibit greater adaptation, indicated by steeper decay. CRISPR, clustered regularly interspaced short palindromic repeats; ESC,
embryonic stem cell; iPSC, induced pluripotent stem cell; RTT, Rett syndrome; TALEN, transcription activator-like effector nuclease; WT, wild-type.
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structure (17) that resembled acoustic reverberations
(Figure 2B, C).

RSBs emerged at the network level, evident in the average
instantaneous firing rate across all channels (Figure 2C,
Biological Psychiatry:
bottom), but also appeared at a single-channel (i.e., electrode)
(Figure 2C, top) and single-unit (i.e., single-neuron) level
(Figure 2D). To demonstrate this, we built a spike density
function to approximate the instantaneous firing rate (24).
Global Open Science March 2024; 4:-–- www.sobp.org/GOS 3
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Figure 2. Reverberating super bursts emerge in MECP2 mutant networks and occur at a single-unit, single-channel, and network level. (A) Representative
raster plot and associated spike density function of WIBR3 wild-type networks (6 weeks postplating). (B) Representative raster plot and associated spike
density function of WIBR3 null networks (6 weeks postplating). (C) (Bottom) Schematic of reverberating super burst containing an initiation network burst
followed by reverberations of multiple minibursts. Black trace represents spike density function. (Top) Single-channel activity highlighted from a selected
channel (blue). (D) (Bottom) Spike-sorted activity of the same reverberating super burst seen in (C). (Top) Single-unit activity highlighted from a selected unit
(blue). (Left) Extracellular action potential waveforms from each putative unit. RTT, Rett syndrome; WT, wild-type.
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At the network level, the network averaged instantaneous firing
rate demonstrated reverberating dynamics (Figure 2C). RSBs
followed a stereotypical form (described in Figure 2C) con-
taining an initiation network burst with a high-amplitude firing
rate. RSBs ended with a period of quiescence that was longer
than the interval between minibursts (Figure 2B, C). The initi-
ation network burst was typically of longer duration (initiation
burst median = 1.144 seconds, miniburst median = 0.359
seconds) and larger amplitude (initiation burst median = 25.668
Hz, miniburst median = 3.891 Hz) than the following
minibursts.

To investigate whether RSBs were the product of multiunit
(i.e., multiple neurons) activity or single-unit (i.e., single neuron)
activity, we performed spike sorting using Plexon Offline Sorter
in select reverberating wells (Figure 2D) (25). Spike sorting
attempts to decouple single-unit activity from multiunit activity.
Although most channels containing multiunit activity could not
be sorted and were therefore discarded during quality control,
in the sorted channels, RSBs persisted at the single-unit level
(Figure 2D, top). However, RSB structure changed subtly, most
notably in the amplitude of firing rate for the initiation burst
4 Biological Psychiatry: Global Open Science March 2024; 4:-–- www
(Figure 2D, bottom). Thus, RSBs occurred in single units as
well as in multiunits.

Inconsistent Handling and Detection of RSBs

Network burst-level features such as network burst frequency
and network burst duration are commonly reported as phe-
notyping metrics in many disease modeling studies (8). In our
MECP2 mutant networks, RSBs exhibit various amplitude-
frequency profiles (Figure S2). The consistent and accurate
detection of network bursts by automated detection algo-
rithms used in high-throughput analyses is essential for phe-
notypes to be reproducible. To examine how standard network
burst detection algorithms handle RSBs, we reanalyzed the
data using both fixed interspike interval (ISI) and adaptive ISI
network burst detection algorithms (Figure 3A; see the
Supplemental Results 1.2.1) (26–28). These approaches utilize
an ISI threshold that can distinguish spiking activity as
occurring within versus outside of bursts (26,28). Furthermore,
we conducted a Welch power spectral density estimate pre-
viously used in Mok et al. (Figure 3B; see Supplemental Results
1.2.2) (7). These burst detection methods captured and
.sobp.org/GOS
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Figure 3. Inconsistent handling by standard burst detection algorithms and 2-feature detection of reverberating networks. (A) Comparison of network burst
frequency (Top panel), and network burst duration (Bottom panel) by different ISI-based burst detection algorithms. Colors indicate replicates from the same
plate. (B) Representative burst detection using power spectral density estimates [previously used in Mok et al. (7)]. Nonreverberating networks (Top panel)
present with a sharp peak at the network burst frequency (0.493 Hz, red dot). Peaks at integer multiples of network burst frequency (i.e., fundamental fre-
quency) represent harmonics (e.g., 0.98, 1.479, 1.97 Hz, etc.). Reverberating networks (Bottom panel) present with a broad peak at network burst frequency
(red dot) but no peak at expected miniburst frequency (red arrow). White traces represent the average of the power spectral density for the network. The
network and associated power spectral densities are representative examples of wild-type (top) or null (bottom) networks. (C) Calculation of spike density
function by convolution of spike time with optimized Gaussian kernel. Spike density function represents an estimate of the instantaneous firing rate of the
network. (D) Schematic of burst peak features. Bursts were identified by finding local peaks that exceed a minimum burst firing rate threshold (height) and
change in firing rate (prominence). Dots represent detected burst peaks. (E) Burst peak firing rate (amplitude) relative to burst position (index) within a
reverberating super burst. A burst position of 0 represents the initiation burst. Burst positions . 0 represent the minibursts. The initiation burst has a larger
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described the same phenomenon in different, incomplete
ways. We found that the experimenter’s choice of burst
detection algorithm and parameters significantly impacted
where network burst boundaries were drawn within RSBs,
which affected quantification of network phenotyping metrics
in downstream analyses.

To develop an algorithm that reliably identifies RSBs, we
first defined an RSB as an activity pattern containing various
repetitive low-amplitude and high-frequency minibursts nested
within a larger network event. Specifically, a large-amplitude
network burst must precede the smaller amplitude minibursts
(Figure 3C–E). The interburst intervals within the larger network
event (typically of the minibursts) must be shorter than the
interburst intervals between subsequent large network events,
namely RSBs (Figure 3D, F). Then we utilized a network-level
spike density function (Figure 3C) to detect local activity
peaks that mapped onto network bursts (Figure 3D–F) and
performed 2-dimensional clustering based on the burst firing
rate and interburst peak interval (Figure 3G, H; Figure S3).
Reverberating burst detection is further described in the
Supplemental Results 1.2.3 and the Supplemental Materials
and Methods 4.8. This approach allowed the categorization
of networks as reverberating or nonreverberating and gener-
ated RSB-related features (see the Supplemental Materials and
Methods 4.9).

MECP2 Null Networks Reverberate More Than
Isogenic Control Networks

We categorized network activity into 3 groups based on the
proportion of RSBs relative to the total number of detected
bursts in the 3 isogenic MECP2 mutant and control pairs
(Figure 4A). These activity groups are 1) nonreverberating
networks (,20% RSBs), 2) mixed reverberating networks
(between 20% and 70% RSBs), and 3) reverberating networks
(.70% RSBs). Comparisons of the distributions of reverber-
ating networks between the isogenic pairs were performed and
described by the network reverberation index (NRI) (Figure 4B;
see Supplemental Results 1.3.1). A positive NRI, seen in
WIBR3 and PGPC14, means that the mutant network contains
more RSBs than isogenic controls (Figure 4A, B). A negative
NRI indicates the opposite, and an NRI of 0 indicates that both
contain the same number of RSBs. This was seen in the CLT
pair, indicating no difference in the proportion of RSBs be-
tween isogenic pairs (Figure S4). This pattern is consistent with
the milder atypical phenotype reported in this patient by Mok
et al. (7).

Importantly, when considering minibursts contributing to
the total number of network bursts, WIBR3 null networks
showed increased network bursts relative to controls (log-
transformed 2-way analysis of variance, F3,167 = 3.888, p =
.010) (Figure 4C; see Supplemental Results 1.3.2). Thus, our
results portray a different picture than Mok et al. (7). MECP2
null neurons assemble into networks that produce more RSBs
=

amplitude than minibursts. Burst amplitude can be used to label bursts as eith
distribution of IBI. IBI is left-shifted relative to IBPI. (G) Examples of clustering
nonreverberating networks. Error bars (E) represent standard deviation. Red dots
network bursts. Statistical significance was evaluated using 1-way analysis of var
interval; ISI, interspike interval.
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than isogenic controls. The increase in RSBs causes an in-
crease in network bursts and therefore network burst fre-
quency, a trend that becomes clear during weeks 6 and 7
(Figure 4C). This result indicates that MECP2 null networks are
more excitable than isogenic controls, which corresponds to
the more excitable single-neuron phenotypes reported in Mok
et al. (7).

RSBs Bias the Calculation of Burst Metrics

To further investigate RSBs in MECP2 mutants and controls,
we focused on the WIBR3 networks where RSBs were most
pronounced. We stratified WIBR3 networks into 4 groups:
nonreverberating control (NR-WT), nonreverberating MECP2
null (NR-NULL), reverberating control (R-WT), and reverber-
ating null (R-NULL) networks (Figure 5A). These categories
were based on the previously stated proportions (i.e., rever-
berating networks containing .70% RSBs, nonreverberating
networks containing ,20% RSBs, and excluding mixed
reverberating networks).

In the following duration and frequency comparisons
(detailed in the Supplemental Results 1.4.1), a network event
refers to the entire RSB (initiation network burst and mini-
bursts) in reverberating networks or discrete single-network
bursts in nonreverberating networks. This was done to
establish a link to the method used in Mok et al. that docu-
mented a decrease in network bursts in WIBR3 null mutants
relative to controls (Figure S5) (7). In brief, network event
duration (Figure 5B) was not significantly different between
NR-WT and NR-NULL (pbonf = .788), whereas R-NULL was
significantly different from NR-NULL (pbonf , .001) and NR-WT
(pbonf , .001). Network event duration was longer in R-NULL,
which would be anticipated if such events are RSBs. All groups
were significantly different from each other in network event
frequency (NR-NULL 3 R-NULL interaction: pbonf , .05; NR-
NULL 3 NR-WT interaction: pbonf , .001; R-NULL 3 NR-WT
interaction: pbonf , .001) (Figure 5C). Network event fre-
quency was lowest in R-NULL networks (Figure 5C). This
would also be anticipated in networks that show an increase in
RSBs.

To explore the factors that influenced the changes in RSB
duration and RSB frequency in reverberating networks, we
examined the number of minibursts per RSB, RSB duration,
and miniburst frequency between reverberating wild-type (R-
WT) and R-NULL networks (Figure 5D–G; see Supplemental
Results 1.4.2). Although RSBs were found in R-WT networks,
their features differed from those in R-NULL networks, sug-
gesting that MECP2 deficiency exacerbates RSBs.

Most RSBs initiate with a longer-than-normal network burst.
Therefore, we hypothesized that the length of the initiation
burst may determine the probability that minibursts will follow.
We compared the initiation burst duration in reverberating
networks to nonreverberating single-network burst duration.
Initiation burst duration was significantly longer in
er initiation bursts or minibursts. (F) Distribution of IBPI approximates the
results for reverberating networks. (H) Examples of clustering results for
(G,H) represent labeled minibursts, whereas green dots represent initiation

iance. ***p , .001. FR, firing rate; IBI, interburst interval; IBPI, interburst peak
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reverberating networks than nonreverberating networks
(Kruskal–Wallis, H3 = 4393.402, p , .001) (Figure 5H). Finally,
we found that longer initiation burst duration was associated
with a faster miniburst frequency (RANSAC linear fit of week 6
inliers,m = 0.4138) (Figure 5I) and greater number of minibursts
per RSB (RANSAC linear fit of week 6 inliers, m = 0.1447)
(Figure 5J). These findings reflect the idiosyncratic develop-
mental trajectory of MECP2 null compared to isogenic
controls.

RSBs Are Dependent on Asynchronous Ca21

Release

We hypothesized that the mechanisms that are responsible
for RSBs may operate at the level of the excitatory synapse.
Therefore, by downregulating the amount of neurotransmitter
release by partially blocking Ca21 availability in the presyn-
aptic terminal, RSBs may be rescued. First, we verified that
our networks were composed of excitatory neurons by
applying bicuculline (see Supplemental Results 1.5;
Figure 6A–E). Then we applied EGTA-AM, which decreases
Ca21 and vesicular neurotransmitter release in the micro-
domain of single channels when they are not saturated (29).
We reasoned that during minibursts, Ca21 channels may not
be saturated. In this case, we predicted that EGTA-AM could
decrease miniburst frequency by binding to intracellular Ca21
WIBR3A
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network bursts per recording for NR-WT and R-NULL networks. All bar plots use
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and decreasing its availability at the presynaptic vesicular
sensor. In contrast, Ca21 channels may be saturated during
typical high-amplitude bursts where intracellular Ca21 is
more abundant. Accordingly, we predicted that EGTA-AM
should have a minimal effect on higher-amplitude network
bursts.

EGTA-AM was applied to both NR-WT and R-NULL net-
works (Figure 6F). EGTA-AM eliminated the presence of RSBs
in R-NULL networks (fold change = 0) and had no effect on
RSBs in NR-WT networks (fold change = 1) (Figure 6F, G).
Furthermore, EGTA-AM had a significant effect on network
event frequency in R-NULL networks (Mann–Whitney, p = .009)
(Figure 6H). As RSBs and therefore the minibursts were elim-
inated, EGTA-AM significantly decreased network event
duration (Mann–Whitney, p = .002) (Figure 6I) in previously R-
NULL networks (fold change = 0.082) but also had an effect in
NR-WT networks (fold change = 0.537) (Figure 6I). We also
compared DMSO vehicle-treated control network (DMSO-WT)
(Figure 6J) features to EGTA-AM-treated null network (EGTA-
NULL) (Figure 6K) and DMSO-treated null network (DMSO-
NULL) (Figure 6L) features. We found no effect of DMSO, while
the effect of EGTA-AM rescued network burst dynamics to
similar levels of DMSO-WT (see Supplemental Results 1.6;
Figure 6M–Q). In summary, EGTA-AM treatment of reverber-
ating null networks reduced RSBs while preserving network
Reverberating (R) 
Mixed-reverberating (MR) 
Non-reverberating (NR) 
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exhibit greater bursting activity, indicating hyperactivity. (A) Proportion of
otal number of bursting wells across development for each individual. (B)
ortion of reverberating networks for each individual. (C) Mean number of
mean 695% CIs. Statistical significance was evaluated using Kruskal–Wallis
t; RTT, Rett syndrome; WT, wild-type.
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bursts with similar dynamics to nonreverberating wild-type
networks.
EGTA-AM Decreases the Duration of the Initiation
Network Burst

Because RSBs initiate with a longer-than-normal network
burst, we asked whether EGTA-AM also reduces the duration
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of the first network burst because it is possible that the rescue
by EGTA-AM occurs at the expense of a reduction in the
duration of the initial network burst. To test this hypothesis, we
compared the burst duration of EGTA-treated null (EGTA-
NULL) networks to DMSO-WT networks. DMSO treatment had
no significant effect on the duration of discrete network bursts
in nonreverberating control (DMSO-WT) networks or the initi-
ation burst duration in reverberating null (DMSO-NULL)
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networks (Kruskal–Wallis, Dunn’s post hoc, pbonf = 1.000 and
pbonf = 1.000, respectively) (Figure 7A). In contrast, EGTA-AM
reduced the duration of the initiation burst in previously
reverberating null (EGTA-NULL) networks (Kruskal–Wallis,
Biological Psychiatry:
Dunn’s post hoc, pbonf , 0.001) (Figure 7B–D). Additional
comparisons are reported in the Supplemental Results 1.7.
These results suggest that the long initiation burst duration
may trigger the minibursts. Moreover, they suggest that the
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hyperexcitable reverberating event can be rescued by reducing
the availability of intracellular Ca21 and subsequent asyn-
chronous neurotransmitter release (Figure 7E).

DISCUSSION

We investigated the development of MECP2 mutant Ngn2
human PSC-derived excitatory networks using electrophysio-
logical methods and compared them to isogenic controls. We
report the following findings: 1) MECP2 null neurons showed
increased excitability and spike frequency adaptation in patch-
clamp recordings; 2) MECP2 null networks showed an
increased proportion of RSB consisting of a large initial
network burst followed by several smaller-amplitude, high-
10 Biological Psychiatry: Global Open Science March 2024; 4:-–- ww
frequency minibursts that overall produce greater network
burst frequencies in MEA recordings; and 3) administration of
EGTA-AM (a slow-kinetic membrane-permeable Ca21

chelator) decreases RSBs rescuing the bursting network
phenotype.

Single-Neuron and Network Excitability in MECP2
Null Neurons

We corroborated our previous report (7) and showed that
MECP2 null neurons have increased excitability, which ac-
counts for the decrease in rheobase to elicit action potentials
and increased adaptation and for the fast decay in firing rate
during sustained stimulation. A contradictory finding was that
w.sobp.org/GOS
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despite this hyperexcitability in single neurons, analysis using
standard burst detection algorithms suggested network
hypoexcitability (described in the Supplemental Discussion
3.1.1) (7). We showed that this was due to the classification
of complex RSBs as single-network events. Using our algo-
rithm to classify the minibursts contained in RSBs as inde-
pendent events, MECP2 null networks demonstrated an
increased total number of network bursts, consistent with the
hyperexcitability phenotype seen in single neurons. Thus, hy-
perexcitable MECP2 null neurons led to a hyperexcitable
bursting phenotype in neuronal networks.

Another contradictory finding was the report of reduced
mean firing rate in MECP2 null networks, which indicates
hypoactivity (described in the Supplemental Discussion 3.1.2)
(7). This can be reconciled by strong spike frequency adap-
tation experienced in MECP2 null neurons. Two properties,
hyperexcitability and strong adaptation, may make MECP2
null neurons have a strong propensity for firing minibursts
following a long initiation burst within an RSB. Because mini-
bursts are composed of fewer spikes, this results in increased
network bursts but a decreased mean firing rate relative to
control networks over the entire recording. Because bursts are
more likely to influence postsynaptic integration and excitation
more than isolated spikes, we interpret these results as a hy-
perexcitability phenotype in MECP2 nulls relative to isogenic
controls.

Some nonreverberating mutant networks showed no dif-
ferences in network burst duration relative to nonreverberating
isogenic control networks. This indicates variability in hyper-
excitability that is possibly caused by compensatory mecha-
nisms that can restore normal network development even in
the absence of MECP2. Furthermore, some isogenic control
networks also produced RSBs, suggesting that RSBs are not
unique to MECP2 mutant networks and may be more ubiqui-
tous in MEA studies than previously reported (30–35). It may be
that RSBs are a normal part of network activity development
but emerge earlier and more often and persist longer inMECP2
null networks.
Mechanisms of RSB Generation

The proposed mechanisms of rapid fluctuations in neuronal
activity that produce reverberations can be grouped into: 1)
abnormalities in the excitation/inhibition balance (36), 2) ab-
normalities in synaptic calcium dynamics (37–40), and 3) an
interplay between the two (41). Contrary to studies that have
implicated excitation-inhibition balance in RSBs (detailed in the
Supplemental Discussion 3.2.1), our MECP2 null networks,
lacking inhibitory interneurons, still exhibited RSBs. This in-
dicates that these bursts are not solely dependent on
excitation-inhibition synaptic interplay. In contrast, EGTA-AM,
which impacts slow-kinetic synaptic calcium dynamics,
effectively eliminated RSBs and rescued burst metrics in
reverberating networks. EGTA-AM may create the possibility of
rescuing network hyperexcitability phenotypes during the early
stages of neurodevelopment. Further investigation is needed
due to the important role of Ca21 in neuronal excitability during
development.

One possible explanation for the observed RSBs involves
elevated presynaptic Ca21, which promotes asynchronous
Biological Psychiatry: G
neurotransmitter release (42). Asynchronous release occurs
when Ca21 levels remain elevated even after the initial stimulus
has ended, typically after moderate-to-high-frequency stimu-
lation [detailed in Supplemental Discussion 3.2.2 and (39,42)].
The decrease in rheobase in our MECP2 null neurons may also
have contributed to the recruitment of voltage-sensitive Ca21

channels in the presynaptic terminal and triggered asynchronous
neurotransmitter release (43). Reverberating networks also had a
prolonged initiation burst duration compared with non-
reverberating networks, which EGTA-AM reduced. This finding
suggests that longer initiation burst duration may produce
elevated presynaptic Ca21 levels, triggering reverberating mini-
bursts (detailed in Supplemental Discussion 3.2.2.1). It is likely
that MECP2 null networks exist in a genetically predisposed
hyperexcitable state such that physiologically relevant stimuli are
more likely to trigger a network reverberation. RSBs can induce
long-term potentiation in synapses and trigger mechanisms of
synaptic plasticity (42,44–46) and may serve as a predisposing
factor for the development of disorders of hyperexcitability such
as epilepsy, which is common in patients with RTT and has been
shown to have numerous etiologies (40,47–50).

The ability of excitatory networks to generate RSBs asso-
ciated with their connectivity level has also been linked to
asynchronous neurotransmitter release (38,39). Because
bursting patterns similar to RSBs have previously been re-
ported in healthy, developing neuronal networks, it may be that
RSBs represent a normal transition during network develop-
ment as neurons functionally integrate more strongly with each
other [detailed in Supplemental Discussion 3.2.3 and (17)].
Therefore, hypoconnected MECP2 null networks may persist
in a bursting regime that is dominated by RSBs, unable to
transition into a mature network state. In contrast, hyper-
connected networks in other neurodevelopmental disorders
may resolve RSBs by establishing mature network states more
quickly than controls and may require more frequent MEA re-
cordings to reliably capture RSB activity. The CLT phenotype
is discussed in the Supplemental Discussion 3.3.

The rescue of the hyperexcitable phenotype by EGTA-AM
suggests that Ca21 dynamics are critical for the emergence
of RSBs. Our findings demonstrate that MECP2 null neurons
exhibit hyperexcitability that can be rescued pharmacologi-
cally. If the RSB mechanism persists into childhood, it may
predispose patients with RTT with MECP2 null mutations to
develop seizures and provide insight into possible Ca21-
mediated pharmacological interventions for epilepsy.
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