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Neuronal hyperexcitability is a hallmark of epilepsy. It has been recently shown in rodent models of seizures that microglia, the brain’s
resident immune cells, can respond to and modulate neuronal excitability. However, how human microglia interact with human neurons
to regulate hyperexcitabilitymediated by an epilepsy-causing genetic mutation found in patients is unknown. The SCN2A gene is responsible
for encoding the voltage-gated sodium channel Nav1.2, one of the leading contributors tomonogenic epilepsies. Previously, we demonstrated
that the recurring Nav1.2-L1342P mutation leads to hyperexcitability in a male donor (KOLF2.1) human-induced pluripotent stem cell
(hiPSC)-derived cortical neuronmodel.Microglia originate from a different lineage (yolk sac) and are not naturally present in hiPSC-derived
neuronal cultures. To study how microglia respond to neurons carrying a disease-causing mutation and influence neuronal excitability, we
established a coculture model comprising hiPSC-derived neurons and microglia. We found that microglia display increased branch length
and enhanced process-specific calcium signal when cocultured with Nav1.2-L1342P neurons. Moreover, the presence of microglia signifi-
cantly lowered the repetitive action potential firing and current density of sodium channels in neurons carrying the mutation.
Additionally, we showed that coculturing with microglia led to a reduction in sodium channel expression within the axon initial segment
of Nav1.2-L1342P neurons. Furthermore, we demonstrated that Nav1.2-L1342P neurons release a higher amount of glutamate compared
with control neurons. Our work thus reveals a critical role of human iPSC-derived microglia in sensing and dampening hyperexcitability
mediated by an epilepsy-causing mutation.
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Significance Statement

Seizure studies in mouse models have highlighted the role of microglia in modulating neuronal activity, particularly in the
promotion or suppression of seizures. However, a gap persists in comprehending the influence of human microglia on intrin-
sically hyperexcitable neurons carrying epilepsy-associated pathogenic mutations. This research addresses this gap by inves-
tigating human microglia and their impact on neuronal functions. Our findings demonstrate that microglia exhibit dynamic
morphological alterations and calcium fluctuations in the presence of neurons carrying an epilepsy-associated SCN2A muta-
tion. Furthermore, microglia suppressed the excitability of hyperexcitable neurons, suggesting a potential beneficial role. This
study underscores the role of microglia in the regulation of abnormal neuronal activity, providing insights into therapeutic
strategies for neurological conditions associated with hyperexcitability.
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Introduction
Epilepsy is a neurological disorder characterized by recurrent and
spontaneous seizures (Christensen et al., 2023); when left uncon-
trolled, it can lead to neuronal damage (H. Sun et al., 2022), cog-
nitive deficits (Chai et al., 2023), and even sudden unexpected
death (Whitney et al., 2023). A prominent feature of epileptic sei-
zures is hyperexcitability and excessive abnormal neural activity,
which in some cases could be attributed to genetic changes in
ion channels (Oyrer et al., 2018). The SCN2A gene encodes the
pore-forming sodium voltage-gated channel alpha subunit 2, an
ion channel protein that mediates neuronal action potential
(AP) firing. SCN2A pathogenic heterozygousmutations aremono-
genic causes of epilepsies (Wolff et al., 2017; Yokoi et al.,
2018; Epifanio et al., 2021; Yang et al., 2022; Zeng et al., 2022).
In fact, a recent study positions SCN2A as the third most prevalent
gene harboring epilepsy-related mutations (Knowles et al.,
2022). Among many SCN2A disease-causing mutations, the
de novo heterozygous missense L1342P is a recurrent mutation
associated with developmental and epileptic encephalopathy
found in multiple patients worldwide (Wolff et al., 2017;
Crawford et al., 2021).

Previously, we developed an in vitro disease model of seizures
with monolayer (2D) cortical neurons derived from human-
induced pluripotent stem cells (hiPSCs) carrying the epilepsy-
associated Nav1.2-L1342P mutation. Our investigation revealed
intrinsic and network neuronal hyperexcitability in the hiPSC-
derived cortical neurons carrying this Nav1.2-L1342P mutation
(Que et al., 2021). While neuronal hyperexcitability appears to be
an intrinsic property of neurons carrying this SCN2A disease-
causing mutation, emerging evidence suggests that non-neuronal
cell types can influence neuronal excitability and thus can contrib-
ute to disease severity and progression (R. Chen et al., 2023).
Microglia are brain-resident macrophages that originate from the
yolk sac and migrate into the brain during development (Speicher
et al., 2019). Mounting evidence suggests that microglia play a
key role in regulating brain homeostasis andmaintaining neural cir-
cuit integrity (Olson and Miller, 2004; Paolicelli et al., 2011; Schafer
et al., 2012; McQuade et al., 2018; Weinhard et al., 2018). The
impact of microglia on neuronal excitability has been extensively
studied in rodents and found to be multifaceted and contingent
upon the specific context. For instance, in certain cases, activated
microglia release proinflammatory mediators that enhance neuro-
nal activity, thereby promoting epileptogenesis (Henning et al.,
2023). However, in other studies, microglia exert a regulatory role
in limiting excessive neuronal activity, as observed in rodentmodels
of chemically and genetically induced seizures (Eyo et al., 2014;
Badimon et al., 2020; Merlini et al., 2021). While these published
studies are vital for us to understand the microglia–neuron interac-
tions, these studies rely on rodent models in which seizures and
neuronal hyperexcitability are triggered by external chemicals
(Eyo et al., 2014; Liu et al., 2020). No studies, however, have yet
reported how human microglia respond to and regulate the excit-
ability of intrinsically hyperexcitable human neurons carrying
epilepsy-causing genetic mutations, hindering our understanding
of microglia in human disease conditions.

In the current study, we utilized a coculture system of
hiPSC-derived microglia and hiPSC-derived cortical neurons car-
rying the epilepsy-associated Nav1.2-L1342P mutation to study
microglia–neuron interactions.We found an increase in the length
of microglial branches when cocultured with Nav1.2-L1342P
neurons. This effect paralleled an increase in calcium signaling
within microglial processes. In addition, we demonstrated that
hiPSC-derived microglia reduced hyperexcitability and sodium

current density in neurons carrying the Nav1.2-L1342P genetic
mutation. Additionally, we demonstrated that coculture of
neuron and microglia led to a reduction in sodium channel (Pan
Nav) expression within the axon initial segment (AIS) of
Nav1.2-L1342P neurons. Finally, we revealed that Nav1.2-L1342P
neurons release a higher amount of glutamate, which may trigger
the responses of microglia to regulate neuronal hyperexcitability.
Taken together, our study illustrates the vital role of microglia in
human epilepsy pathophysiology, suggesting a complex micro-
glial–neuronal interaction with both cell types influencing each
other’s phenotypes.

Materials and Methods
Generation of hiPSC-derived cortical neurons. Previously described

hiPSCs from a male donor expressing wild-type (WT; control) and
CRISPR/Cas9-engineered Nav1.2-L1342P mutant channels (Que et al.,
2021) were used in this study. Experiments were performed with four
hiPSC lines (WT, KOLF2.1 and A03; L1342P, A12 and E09). Feeder-
free hiPSCs colonies were grown on Matrigel (Corning, catalog
#354230) and maintained in StemFlex (Thermo Fisher Scientific, catalog
#A3349401) with daily media changes. Quality controls were performed
for all lines, including Sanger sequencing, karyotyping, and immunocy-
tochemistry. Undifferentiated hiPSC colonies displayed normal and
homogenous morphology with defined edges and low levels of sponta-
neous differentiation. In addition, they consistently expressed standard
pluripotency markers, including SOX2, TRA-1-80, OCT4, TRA-1-60,
NANOG, and SSEA1 (data not shown).

A dual-SMAD inhibition method utilizing embryoid bodies (EBs) was
used to generate cortical neurons based on our established protocol (Que
et al., 2021). To generate EBs, hiPSC colonies were dissociated into single
cells with Accutase (Innovative Cell Technologies, catalog #AT104) and
seeded with 1× RevitaCell ROCK inhibitor supplement (Invitrogen, cata-
log #A2644501), for the initial 24 h on ultralow attachment 96-well plates
(Corning, catalog #CLS3474-24EA) with a cell density of∼12,000 cells per
microwell in an EB formationmedium containing STEMdiff neural induc-
tion medium (STEMCELL Technologies, catalog #05835) supplemented
with 100 nM of LDN-193189 (Sigma-Aldrich, catalog #SML0559) and
10 μM SB431542 (Tocris Bioscience, catalog #1614) to begin dual-
SMADi neural induction. After 7 d, EBs were collected and seeded on
Matrigel until the appearance of neural rosettes. A neural rosette selection
reagent (STEMCELL Technologies, catalog #05832) was used to lift the
rosette monolayer clusters, which were dissociated and seeded onto
Matrigel-coated plates and cultured with dual-SMADi supplemented neu-
ral induction media, until the appearance of neural progenitor cells
(NPCs). Stocks of NPC were expanded in STEMDiff neural progenitor
media (STEMCELL Technologies, catalog #05833) frozen and stored for
later differentiations.

Prior to seeding cells for differentiation, cultureware was coated with a
1:5 mixture of 0.01% poly-L-ornithine (PLO; Sigma-Aldrich, catalog
#P4957) in phosphate-buffered saline (PBS) overnight at room tempera-
ture; subsequently, PLO-coated plates were incubated with 10 μg/ml
mouse laminin (Corning, catalog #354232) in DMEM/F12 for 2 h at
37°C. To begin neural differentiation, we seeded neural progenitors onto
PLO–laminin-coated vessels at a density of∼2.5 × 104 cells/cm2 and differ-
entiated ∼3 weeks in a media containing Neurobasal Plus medium
(Invitrogen, catalog #A3582901), 1× NEAA solution (Invitrogen, catalog
#11140050), 1× GlutaMAX (Invitrogen, catalog #3505006), PenStrep
(10,000 U/ml; Invitrogen, catalog #15-140-163), 1× B27 plus supplement
(Invitrogen, catalog #A3582801), 1× N2 supplement (Invitrogen,
catalog #17-502-048), 100 μm dibutyryl cAMP (dcAMP; Santa Cruz
Biotechnology, catalog #sc-201567A), 200 μm ascorbic acid (Wako
Chemicals, catalog #323-44822), 20 ng/ml brain-derived neurotrophic fac-
tor (BDNF; Prospec Bio, catalog #CYT-207), and 20 ng/ml glial cell-
derived neurotrophic factor (GDNF; Prospec Bio, catalog #CYT-305)
with media replacement every 2–3 d. After 20 d, cells were replated at
1.5 × 104 cells/cm2 on glass coverslips coated with PLO–laminin using a
complete maturation media formulation containing Neurobasal Plus
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(Invitrogen, catalog #A3582901). After a week, the basal media were chan-
ged into Brainphys (STEMCELL Technologies, catalog #05790), PenStrep,
1× N2 supplement, 1× B27 plus supplemented with BDNF, GDNF, and
cAMP in the same concentration previously described.

Generation of hiPSC-derived microglia. To produce hiPSC-derived
microglia, we used two different control (WT) hiPSC lines, KOLF2.1
and GCaMP6f-H04. The KOLF2.1 cell line-derived microglia were cocul-
tured with neurons for electrophysiology experiments. The GCaMP6f-
H04 line has the GCaMP6f calcium indicator (T-W. Chen et al., 2013)
engineered into the AAVS1 safe harbor locus of the reference Kolf2.1
iPSC line using CRISPR/Cas9-mediated knock-in and was used for the
microglial calcium imaging. Specifically, a commercially available plasmid
(pAAVS1-PC-GCaMP6f, plasmid #73503) containing the GCaMP6f
knock-in construct was used to generate the GCaMP6f-H04 line from
KOLF2.1 reference iPSCs line. For each experiment, at least two differen-
tiations (biological replicates) were performed for each cell line.

To begin microglia differentiation, we largely followed a commercially
available kit based on well-established, previously published protocols
(Abud et al., 2017; McQuade et al., 2018; McQuade and Blurton-Jones,
2021). Briefly, feeder-free hiPSCs were grown and maintained on
Matrigel, guided toward a mesodermal, hematopoietic lineage to
obtain hematopoietic progenitor cells (HPCs) using the STEMdiff
Hematopoietic Kit (STEMCELL Technologies, catalog #05310). Next,
HPCs were converted into homeostatic microglia on cultureware coated
with Matrigel in differentiation medium composed of DMEM/F12 basal
media (Invitrogen, catalog #11-320-033); 2× 100× Insulin–Transferrin–
Selenium (ITS-G; Invitrogen, catalog #41400045); 2× B27, 0.5× N2,
1× GlutaMAX (Invitrogen, catalog #35050061); 1× nonessential amino
acids (Invitrogen, catalog #11140050), 400 µM monothioglycerol (Sigma-
Aldrich, catalog #M6145-25ML), and 5 µg/ml insulin (Sigma-Aldrich, cat-
alog #I2643-25MG). Before use, this medium was supplemented with
25 ng/ml cytokine macrophage colony-stimulating factor 1 (Sigma-
Aldrich, catalog #300-25), 100 ng/ml interleukin-34 (PeproTech, catalog
#200-34), and 50 ng/ml transforming growth factor beta 1 (PeproTech, cat-
alog #100-21) until Day 24. Then, cells were cultured in a maturation
medium with the same composition as the differentiation medium, with
the addition of 100 ng/ml of cluster of differentiation 200/OX-2 membrane
glycoprotein (ACROBiosystems, catalog #50-101-8369) and 100 ng/ml of
CX3CL1 (fractalkine/chemokine (C-X3-C motif) ligand 1; PeproTech, cat-
alog #300-31) for up to 12 d.

Coculture of hiPSC-derived microglia and hiPSC-derived cortical
neurons. We established a coculture model to study the interaction of
neurons and microglia, as microglia developmentally come from the
yolk sac and thus do not naturally exist in hiPSC-derived neuronal cul-
ture. Initially, hiPSC-derived cortical neurons and microglia were gener-
ated and maintained separately as above. To generate the coculture, we
replated cortical neurons derived from hiPSCs, which had been differen-
tiated for 38 d, at a density of 10,000 cells per well in a 96-well clear-
bottom plate previously coated with PLO–laminin as above. The next
day, microglia derived from hiPSCs matured for 31 d were seeded
directly on top of the previously seeded cortical neuron monolayers, at
a 1:1 seeding ratio between microglia and neurons, which was used in
published studies (Haenseler et al., 2017; Vahsen et al., 2022). For
medium exchange, a mixture of half-complete neurobasal medium and
half microglia maturation medium was used, with media exchanges per-
formed every 2 d. The coculture was maintained for a total of 7 d to allow
for the formation of interactions between the two cell types before assays
were performed.

Immunocytochemistry. hiPSC-derived microglia cells were cultured
on glass coverslips (Neuvitro, catalog #GG-12-Pre) or 24-well glass–bot-
tom plates with number 1.5 cover glass (Celvis, catalog #P24-1.5H-N)
previously coated with a PLO–laminin as above. Before the experiment,
the samples were briefly washed in PBS (Corning, catalog #21-040-
CMX12) and then fixed in 4% paraformaldehyde in PBS at room temper-
ature (RT) for 15 min. Following fixation, the samples were rinsed three
times with PBS (5 min per rinse) and permeabilized with 0.3% Triton
X-100, pH 7.4, surfactant for 20 min.

The fixed and permeabilized hiPSC-derived microglia were treated
with 5% bovine serum albumin (BSA; Sigma-Aldrich, catalog #9048)
to block nonspecific binding for 1 h at RT. Subsequently, the samples
were incubated overnight at 4°C in a humidified chamber with primary
antibodies diluted in 1% BSA. The primary antibodies used included rab-
bit anti-P2RY12 (purinergic receptor P2Y12; Sigma Prestige Antibodies,
catalog #HPA014515), rabbit anti-TMEM119 (transmembrane protein
119; Sigma Prestige Antibodies, catalog #HPA051870), and rabbit
anti-IBA1 (ionized calcium-binding adaptor molecule 1; Abcam, catalog
#178846). The following day, the samples were rinsed three times with
PBS and then incubated with fluorescent dye-conjugated secondary anti-
bodies, which were diluted in 1% BSA for 2 h at RT in the dark. After the
incubation, the secondary antibody solution was removed, and the cov-
erslips were washed three times with PBS (5 min per wash) in the dark.

For staining hiPSC-derived neurons, primary antibodies for mouse
anti-MAP2 (microtubule-associated protein 2; Invitrogen, catalog
#13-1500, 1:1,000) and guinea pig anti-synapsin1/2 (SYN1/2; Synaptic
Systems, catalog #106044, 1:1,000) were used. Microglial images were
acquired with a Nikon Ti2 Eclipse fluorescence microscope, while images
of the microglia–neuron coculture were captured using a ZEISS LSM 900
confocal microscope.

For AIS and Pan Nav immunocytochemistry, slight modifications of
the previous staining protocol were made. Briefly, 2% PFA fixative was
used for 15 min. Block and permeabilization were done concurrently
with 5% BSA and 0.3% Triton X-100 solution. The primary antibodies
for mouse anti-ankyrin-G (ANK-G; Antibodies, catalog #75-146, 1:200)
and rabbit anti-Pan Nav (Alomone Labs, catalog #ASC-003, 1:200)
were used. Somatodendritic marker for chicken anti-MAP2 (Novus
Biologicals, catalog #NB300-213, 1:500) was used to locate neuron mor-
phology. Images were acquired with a Zeiss LSM 900 confocal microscope
with a 63× PlanApoOil objective. Quantification of the AIS was performed
by manually tracing the morphology of the AIS using the Zen Blue soft-
ware. Parameters obtained included length and signal intensity of Pan
Nav within the AIS.

The secondary antibodies used for fluorescently labeling hiPSC-
derived neurons and microglia were as follows: anti-rabbit antibodies con-
jugated with Alexa Fluor 488 (Invitrogen, catalog #A11008 1:1,000) or
anti-mouse antibodies conjugated with Alexa Fluor 488 (Invitrogen, cata-
log #A11001 1:1,000), anti-rabbit antibodies conjugated with Alexa Fluor
555 (Invitrogen, catalog #A32732, 1:1,000) or anti-mouse antibodies con-
jugated with Alexa Fluor 555 (Invitrogen, catalog #A32727. 1:1,000), anti-
guinea pig antibodies conjugated with Alexa Fluor 488 (Invitrogen, catalog
#A11073, 1:1,000), and anti-chicken antibodies conjugated with Alexa
Fluor 647 (Invitrogen, catalog #A32933 1:1,000). For DAPI counter-
staining, either VECTASHIELD Antifade Mounting medium with
DAPI (Vector Laboratories, catalog #H-1200) or a PBS-DAPI solution
(Thermo Fisher Scientific, catalog #62238, 1:10,000) was used.

Incucyte SX5 live-cell phagocytotic assay. To assess the phagocytic
activity of microglia derived from hiPSCs, we used pHrodo-Myelin, a
pH-sensitive dye combined with a myelin fragment (Hendrickx et al.,
2014), graciously provided by Dr. Shaoyou Chu from Indiana University
(Mason et al., 2023). First, we prepared a Corning number 1.5 glass-bottom
96 well by coating it with a 20 μg/ml diluted solution of poly-D-lysine in 1×
PBS, letting it incubate at 37°C overnight. Subsequently, the wells were
washed three times with 1× PBS. Approximately 15,000 matured
hiPSC-derived microglia cells, suspended in 100 μl of microglia maturation
media, were placed delicately onto the coated wells. The plate was then left
in an incubator at 37°C overnight. The following day, we prepared a stock of
pHrodo-myelin at 5 μg/ml in themicrogliamaturationmedia. Themedium
of 50 μl was extracted from each well, and 50 μl of the pHrodo-myelin stock
was added, resulting in a final concentration of 2.5 μg/ml of pHrodo-mye-
lin. Tomonitor the uptake of the pHrodo-myelin dye for 48 h, we employed
an Incucyte SX5 imaging system with an orange filter and bright field using
a 20× objective. The exposure time was maintained at 300 ms. To quantify
the phagocytic activity, we calculated the normalized integrated intensity of
pHrodo-myelin by dividing the total integrated intensity of pHrodo-myelin
corresponding to each well over the area occupied by the microglial cells, as
identified by the bright-field channel.
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Morphological characterization of hiPSC-derived IBA1+ microglia.
To assess alterations in microglia morphology following coculture
with control (WT) and Nav1.2-L1342P cortical neurons, we conducted
immunocytochemistry staining for microglia-specific marker IBA1.
The ImageJ Analyze Skeleton plugin (available at https://imagej.net/
plugins/analyze-skeleton/) was employed to generate a skeletonized
representation of microglial morphology, which was used to determine
the unique average length of the microglial processes per field of view
(Jairaman et al., 2022). To obtain area, circularity, and perimeter mea-
surements, we manually selected clearly defined microglial morphologies
using the Nikon Imaging Software-Elements (NIS-Elements) region of
interest (ROI) editor and used the automatic measurement results to
obtain values. Wemeasured between 7 and 35 microglia per field of view.

Live-cell calcium imaging of hiPSC-derived microglia expressing
GCaMP6. Live-cell calcium imaging was conducted using an inverted
widefield Nikon Eclipse Ti2 microscope. Time-lapse recordings were
acquired at a frequency of 1 Hz for 200 s. Microglial somata and pro-
cesses were manually defined using Fiji’s ImageJ (Version 2.3.0/1.53f;
Schindelin et al., 2012) software’s ROI editor. Time measurements
were performed to detect the spontaneous calcium transient fluctuations.
The signal intensity was normalized as ΔF/F, where ΔF represents the
difference between an individual ROI’s fluorescence intensity (F) and
its minimum intensity value (Fmin). The normalized data were then
transferred to OriginPro (Origin2021b version 9.8.5.201) for peak detec-
tion and quantifications. We used the NIS-Elements (Version 5.02) for
representative image processing.

Electrophysiology of hiPSC-derived neurons cocultured with hiPSC-
derived microglia. Whole-cell patch–clamp recordings were made using
an EPC10 amplifier and Patchmaster v2X90.3 software (HEKA
Elektronik) paired to an inverted microscope configuration (NikonTi-2
Eclipse). The recording was performed at RT. For the current-clamp
recording, the external solution contained the following (in mM): 140
NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, and 10 dextrose, titrated
with NaOH to pH 7.3. The internal solution contained the following
(in mM): 128 K-gluconate, 5 KCl, 5 NaCl, 1 MgCl2, 3 Mg-ATP, 1
EGTA, 10 HEPES, and 10 dextrose, titrated with KOH to pH 7.2. The
osmolarity was brought to 320 and 310 mOsm by adding dextrose for
the extracellular and internal solutions, respectively. For current-clamp
recording, the glass pipettes (BF150-86-10) were used and pulled to reach
the resistances of 4–8 MΩ. We measured the repetitive AP firings at
increased current injections using a prolonged 800 ms present stimulus
ranging from 0 to 125 pA in 5 pA increments. Neurons were transduced
with the AAV-CamKII-GFP virus (Addgene 50469-AAV9), and neurons
with GFP-positive signals were selected for patch-clamp experiments.

For experiments under the voltage-clamp configuration, we used our
previously reported patch solution and protocol (Que et al., 2021).
Thick-wall borosilicate glass pipettes (BF150-86-10) were pulled to reach
the resistances of 2–4 MΩ. Briefly, the activation curve from the voltage-
gated sodium channel was achieved by 10 ms steps from −70 to +50 mV
in a 5 mV increment, with a holding potential of −100 mV. The currents
from both groups were recorded at 5 min after obtaining the whole-cell
configuration. P/N leak subtraction procedure was applied during the pro-
tocol. At least 70% of the series resistance was compensated. The current
density was obtained by normalizing the current amplitude to the capaci-
tance under each corresponding voltage. To calculateGmax and the normal-
ized G/Gmax–V curve, the I–V trace was fitted with a Boltzmann I–V curve
fit (OriginPro) to obtain the reversal potential (Vrev), followed by the
sodium conductance, calculated as G= Ip/(V−Vrev), where Ip was the
peak current amplitude (relative to the holding potential) under each volt-
age step (Vm; Que et al., 2021). The Boltzmann I–V curve fit at high polar-
ization levels (above +45 mV) are subject to significantly high variability,
consequently these data points were excluded prior to curve fitting.

Extracellular glutamate assay of hiPSC-derived neurons. To measure
the glutamate release from WT and Nav1.2-L1342P neurons, we used a
bioluminescence-based assay (Glutamate-Glo, Promega, catalog #J7021)
for detection of glutamate in biological samples. Initially, cultures of WT

andNav1.2-L1342P hiPSC-derived neurons in 24-well plates were placed
at equal densities. A standard media change was performed, and 2 d later
(∼48 h), we collected the conditioned culture media from the wells to
measure glutamate levels. This mediumwas then mixed with a glutamate
detection reagent in a 1:1 ratio following the manufacturer’s instructions.
Mixed medium was then added to a 384-well white flat-bottom plate
(Thermo Fisher Scientific, catalog #12-565-343), centrifuged for 5 min
at 300 × g, and incubated for 2 h at RT prior to luminescence detection.
Total luminescence was measured with a Synergy H1 plate reader with
the gain set to 200.

Statistical analysis. GraphPad Prism (version 9.5.1) and OriginPro
2021b (version 9.8.5.201) were used for statistical analysis. The number
of experimental samples (n) in each group was indicated in the figure leg-
end. Results are presented as mean ± standard error of the mean (SEM).
Values are shown in figures as *p < 0.05, **p < 0.01, ***p< 0.001, and
****p < 0.0001 and n.s. (not significant) as p≥ 0.05. The detailed statis-
tical methods are described in the relevant results sections.

Results
hiPSC-derived microglia express relevant markers and display
phagocytotic capacity
Whilemicroglia play an indispensable role in the brain, they devel-
opmentally originate from the yolk sac and thus do not naturally
appear in hiPSC-derived neuronal culture (Lukens and Eyo, 2022);
therefore, a coculture model of neurons and microglia needs to be
established to study the interaction between these cells. To this
end, neurons and microglia were differentiated using distinct pro-
tocols and characterized, before being cultured together. To gener-
ate glutamatergic cortical neurons, we differentiated hiPSCs using
our published protocol (Que et al., 2021; Fig. 1A), which can yield
electrically active neurons after 45 d of maturation in vitro
(post-NPC stage). These neurons express synaptic and neuron-
specific markers such as SYN1/2 and MAP2 (Fig. 1B). Since
Nav1.2 is minimally expressed in microglia from mice and
hiPSC-derived microglia (Black et al., 2009; Black and Waxman,
2012, 2013; Abud et al., 2017; Grubman et al., 2020; Dräger
et al., 2022), we intentionally used microglia derived from control
reference (WT) hiPSC lines to simplify the research design.
Control (WT) mature microglia were generated after 24 d of
differentiation (Fig. 1C) and were characterized via staining and
quantification of microglia-specific markers, including IBA1,
TMEM119, and P2RY12 (Fig. 1D).We observed a high percentage
of microglial cells after differentiation (98.43± 0.44% TMEM119
labeling; n=18 fields of view; two differentiations; 97.18 ± 1.44%
IBA1 labeling; n=13 fields of view; two differentiations; and
93.59 ± 0.45% of P2RY12 labeling; n= 19 fields of view; two differ-
entiations). Our results thus indicate that hiPSC-derivedmicroglia
can be successfully obtained in a relatively homogeneous popula-
tion. Next, we investigated the phagocytic function of the differen-
tiated microglia. As immune and professional phagocyte cells,
microglia can engulf substrates like synaptic and myelin debris.
To evaluate the phagocytic capacity of the mature microglia, we
exposed them to pHrodo-labeled myelin particles. Over 36 h, we
observed the continuous internalization of myelin by the micro-
glia, an ability that was also demonstrated in primary human
microglia (Hendrickx et al., 2014), indicating their robust phago-
cytic ability (Fig. 1E).

Microglia cocultured with Nav1.2-L1342P cortical neurons
display morphological alterations
In response to seizures, microglia extend and retract their extended
processes to survey the brain and regulate network hyperexcitabil-
ity (Merlini et al., 2021). However, how human microglia respond
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to human neurons carrying seizure-related geneticmutations is not
known. Thus, we sought to investigate whether hiPSC-derived
microglia would exhibit morphological changes when cocultured
with hiPSC-derived hyperexcitable neurons carrying a
Nav1.2-L1342P mutation (Que et al., 2021). To achieve this, we
conducted a coculture experiment by seeding the microglia on
top of neuronal monolayers and maintaining them for 7 d, as

illustrated in Figure 2A. We confirmed the presence of microglia
and neurons in the cocultures with IBA1 (microglia, red) and
MAP2 (neurons, green) by immunocytochemistry (Fig. 2B).

To evaluate microglia morphology, we manually traced the
IBA1-positive microglial processes in coculture with hiPSC-derived
cortical neurons (Fig. 2C,D). Our results revealed that microglia
exhibited a significant increase in process length per cell when

Figure 1. Characterization of hiPSC-derived cortical neurons and microglia. A, Schematic illustrating the protocol for generating hiPSC-derived cortical neurons. B, Representative fluorescent
image of hiPSC-derived neurons stained for somatodendritic marker MAP2 (magenta), synaptic vesicle proteins SYN1/2 (green), and DAPI (blue). C, Schematic illustrating the protocol for
generating hiPSC-derived microglia. hiPSCs are differentiated into HPCs for 12 d and cultured in microglia differentiation media for 24 d. The microglia maturation process is then carried
out for up to 12 d. D, Representative images of hiPSC-differentiated microglia expressing microglial-specific markers: IBA1 (D, top panel, green, n= 13 fields of view, two differentiations),
TMEM119 (D, middle panel, yellow, n= 18 fields of view, two differentiations), P2RY12 (D, lower panel red, n= 19 fields of view, two differentiations). DAPI was used to stain nuclei. Data are
presented as mean ± SEM. Scale bar, 100 μm. E, Phagocytosis of pHrodo-myelin by WT (control) hiPSC-derived microglia. Data were obtained from one differentiation of three wells (48 images
per well). Representative images at 0 and 24 h after the addition of pHrodo-myelin. hiPSC-derived microglia phagocytosed the pHrodo-labeled bioparticles, showing a gradually increasing red
fluorescent signal over time. Scale bar, 25 μm. hiPSC, human-induced pluripotent stem cells; EB, embryoid body; NP, neural progenitors; MAP2, microtubule-associated protein 2; SYN1/2,
synapsin1/2; IBA1, ionized calcium-binding adaptor molecule 1; TMEM119, transmembrane protein 119; P2RY12, purinergic receptor P2Y12.
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cocultured with the Nav1.2-L1342P mutant neurons versus when
cocultured with control (WT) neurons (WT+M, 42.08 ± 1.89 μm;
n= 43 fields of view; L1342P+M, 70.40± 4.27 μm; n= 49 fields of
view; three differentiations; two clones per condition; nested t test;
**p< 0.01; Fig. 2E). In terms of total microglial area (soma and
processes), we found no significant alterations in either coculture,
indicating there were no changes in microglial cell size (WT+M,
575.30± 15.30 μm2; n=43 fields of view; L1342P+M, 621.50 ±
17.21 μm2; n= 49 fields of view; three differentiations; two clones
per condition; nested t test; n.s.; Fig. 2F). However, the microglia
perimeter was increased in microglia cocultured with the
Nav1.2-L1342P cortical neurons. Considering microglia size did
not change, these data thus could be interpreted as microglial pro-
cesses, such as extensions and branches, were increased (WT+M,
138.50± 3.56 μm; n= 43 fields of view; L1342P+M, 166.00 ±
4.67 μm; n= 49 fields of view; three differentiations; two clones
per condition; nested t test; ****p< 0.0001; Fig. 2G). Microglia

circularity was also calculated with the circularity index expressed
between 0 and 1 (1 representing a perfect circle), calculated as
4πA/P2, where A is the area and P is the perimeter. We found
that the microglia circularity index was also decreased when cocul-
tured with the Nav1.2-L1342P neurons (WT+M, 0.3924 ±
0.01 μm; n= 43 fields of view; L1342P+M, 0.30 ± 0.01 μm;
n=49fields of view; three differentiations; two clones per condition;
****p<0.0001; nested t test; Fig. 2H). Taken together, our data
showed that microglia cocultured with mutant Nav1.2-L1342P
neurons display increased process length compared with microglia
cocultured with control (WT) neurons, revealing that hyperexcit-
able neurons influence the morphology of microglia.

Calcium signaling in hiPSC-derived microglia is enhanced
when cocultured with L1342P neurons
Previous work using in vivo mouse models indicated that micro-
glial calcium signals could respond to chemically triggered

Figure 2. Human microglia in coculture with Nav1.2-L1342P neurons display morphological changes. A, The hiPSC-derived neurons and microglia were matured separately, and then microglia
were seeded on top of neurons for 7 d before imaging. B, Representative images of cocultured neurons stained for neuron-specific marker MAP2 (green), microglia stained for IBA1 (red), and
DAPI (blue) as a nuclear stain. C, D, hiPSC-derived microglia in coculture with control (WT) neurons (WT + M, C) and Nav1.2-L1342P neurons (L1342P + M, D). IBA1 + microglia cocultured with
the hyperexcitable Nav1.2-L1342P neurons displayed an extended ramified process compared with coculture with control (WT) neurons. Images are pseudocolored in a rainbow gradient to
facilitate identification, and the skeletonized view was included to detail branches. E, The microglial average branch length increases in coculture with Nav1.2-L1342P cortical neurons (WT + M,
n= 43 fields of view, and L1342 + M, n= 49 fields of view; three differentiations; two clones per condition). F, The total microglial area shows a trend toward being increased in coculture with
Nav1.2-L1342P neurons (WT + M, n= 43 fields of view, and L1342 + M, n= 49 fields of view; three differentiations; two clones per condition). G, Microglial perimeter is enhanced in coculture
with Nav1.2-L1234P neurons, indicating extended processes (WT + M, n= 43 fields of view, and L1342 + M, n= 49 fields of view; three differentiations; two clones per condition). H, Microglial
circularity is decreased in coculture with Nav1.2-L1342P neurons, indicating that they are less ameboid-like (WT + M, n= 43 fields of view, and L1342 + M, n= 49 fields of view; three differ-
entiations; two clones per condition). Each dot represents the mean value of a parameter per field of view. Data are presented as mean ± SEM. Scale bar, 50 μm. Data was pooled from three
differentiations. Data were analyzed by nested t test; **p< 0.01 and ****p< 0.0001.
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neuronal activity changes (Umpierre et al., 2020). However, how
human microglia sense and respond to intrinsically hyperexcit-
able human neurons carrying an epilepsy mutation remains to
be elucidated. Thus, we carried out experiments to address
this gap. To study the calcium dynamics of our hiPSC-derived
microglia, we established a hiPSC line in which the endogenous
AAVS1 safe harbor site was engineered with GCaMP6f using
CRISPR/Cas9. We differentiated the GCaMP6f-iPSC lines into
microglia and cocultured them with hiPSC-derived cortical neu-
rons. Our results demonstrated that GCaMP6f-hiPSC-derived
microglia in coculture with either WT neurons or neurons carry-
ing Nav1.2-L1342P mutation can display spontaneous Ca2+

activity, reflected in continuously changing GCaMP6f calcium
signal fluctuations (Fig. 3A,B). This assay thus allows us to deter-
mine how calcium dynamics in microglia respond to neurons
with different excitability.

Microglia are made up of microdomains (soma and extended
processes) that can have different calcium signaling patterns
(Umpierre et al., 2020). Therefore, we divided calcium fluctuation
measurements into three categories: (1) entire (global) microglial
calcium activity and compartmentalized activity within (2) soma
and (3) processes. We first analyzed the calcium activity patterns

from the entire microglia compartment. We found that the spikes
generated from microglia in coculture with Nav1.2-L1342P neu-
rons had a larger amplitude than those microglia in coculture
with control (WT) neurons when the measurement was done
for the entire microglia area. Specifically, we observed an elevated
calcium signal, measured using the area under the curve (AUC), in
microglia cocultured with Nav1.2-L1342P neurons, which was
almost twice that of the WT (WT+M, 0.652± 0.045; n=209 cells;
L1342P+M, 1.125 ± 0.086; n=168 cells; ****p< 0.0001; Mann–
Whitney U test; Fig. 3C). Additionally, we observed that the aver-
age microglial spike amplitude increased more than twofold when
cocultured with Nav1.2-L1342P neuron (WT+M, 0.069± 0.004;
n=204 cells; L1342P+M, 0.168± 0.012; n=168 cells; ****p<
0.0001; Mann–Whitney U test; Fig. 3D).

When analyzing the calcium dynamics of separate microglial
subcompartments, we found no significant difference in the
average calcium signal AUC for the soma (average AUC for
soma; WT+M, 1.238 ± 0.066; n=100 cells; L1342P+M, 1.494±
0.175; n=92 cells; n.s., p=0.987; Mann–Whitney U test;
Fig. 3E). There was also no significant difference in the average
microglial spike amplitude per soma betweenmicroglia cocultured
with either WT neurons or Nav1.2-L1342P neurons (average

Figure 3. Calcium signal is enhanced in human microglia processes when cocultured with hyperexcitable hiPSC-derived Nav1.2-L1342P neurons. A, Fluorescent images of hiPSC-derived micro-
glia expressing GCaMP6 cocultured with WT (top) and mutant Nav1.2-L1342P (bottom) hiPSC-derived neurons. The calcium signal is pseudocolored, with dark green indicating low signal and
yellow hues depicting high signal. B, Representative ΔF/F traces of global calcium activity of microglia in coculture with control (WT) neurons (top, black) or Nav1.2-L1342P neurons (bottom, red).
Three representative cells per condition are shown. C, The global average microglia calcium signal area increases in coculture with Nav1.2-L1342P neurons (WT + M, n= 209 cells, and L1342P + M,
n= 168 cells). D, The global average microglial calcium spike amplitude increases in coculture with Nav1.2-L1342P neurons (WT + M, n= 204 cells, and L1342P + M, n= 168 cells). E, The average
microglial signal area in the soma microdomain is not statistically different in the two coculture conditions (WT + M, n= 100 cells; L1342P + M, n= 92 cells). F, The average microglial spike
amplitude in the soma microdomain is not statistically different in the two coculture conditions (WT + M, n= 100 cells; L1342P + M, n= 92 cells). G, The average microglial calcium signal area of
the processes microdomain is increased in coculture with Nav1.2-L1342P neurons (WT + M, n= 250 processes; L1342P + M, n= 183 processes). H, The processes’ average microglial calcium spike
amplitude increases in coculture with L1342P neurons (WT + M, n= 250 processes; L1342P + M, n= 183 processes). Data were collected from three coverslips from two independent
differentiations. Data in C–H were analyzed with Mann–Whitney’s U test. ****p< 0.0001 and n.s. (not significant).
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microglial spike amplitude per soma; WT+M, 0.211± 0.011; n=
100 cells; L1342P+M, 0.221± 0.023; n=92 cells; n.s., p=0.281;
Mann–Whitney U test; Fig. 3F). On the other hand, we found
that the average calcium signal AUC for the process was signifi-
cantly higher in microglia cocultured with Nav1.2-L1342P neu-
rons compared with these in microglia cocultured with control
(WT) neurons (average AUC for microglial processes; WT+M,
0.595± 0.047; n=250 processes; L1342P+M, 0.786 ± 0.067;
n=183 processes; ****p<0.0001; Mann–Whitney U test;
Fig. 3G). Moreover, the average microglial spike amplitude per pro-
cess was enhanced in microglia cocultured with Nav1.2-L1342P
neurons (average microglial spike amplitude per process; WT+
M, 0.087± 0.005; n=250 processes; L1342P+M, 0.121± 0.009;
n=183 processes; ****p<0.0001; Mann–Whitney U test;
Fig. 3H). Our human cell results suggest that hyperexcitable neu-
rons trigger increased calcium signaling within the microglial pro-
cess but may not be sufficient to alter calcium activity in the
microglial soma, similar to the phenomena previously described
in mice (Umpierre et al., 2020).

The repetitive firing of hiPSC-derived neurons carrying the
Nav1.2-L1342P is reduced with microglia coculture
Altered microglia morphology and calcium signal indicated that
microglia could respond to intrinsically hyperexcitable neurons
carrying the disease-causing Nav1.2-L1342P genetic mutations.
Thus, we investigated whether human microglia could concur-
rently affect the excitability of these neurons. To this end, we per-
formed a whole-cell current–clamp to study the repetitive firing
of WT and Nav1.2-L1342P cortical neurons with or without
microglia in the culture. To visualize the excitatory neuronal
populations, we transduced the neurons with pAAV-CaMKIIa-
eGFP, enabling fluorescent detection of excitatory neurons for
patch-clamp recording. Subsequently, we seeded microglia on
top of the neurons, creating a coculture system as before. The
coculture was maintained for 7 d, allowing for the establishment
of proper interactions between microglia and neurons (Fig. 4A).

Representative AP firing traces show that WT neurons alone
(Fig. 4B, left panel) and in coculture with microglia (Fig. 4B, right
panel) exhibited no significant change in their AP firing trends.
Quantitatively, the AP firing of control (WT) neurons cocultured
with microglia did not significantly differ from control (WT) neu-
rons alone (repeated-measure two–way ANOVA; F(1,28) = 0.532;
n.s., p=0.472; WT, n=12 neurons; two differentiations; WT+M,
n=18 neurons; two differentiations; Fig. 4D). However, a distinct
finding emerged when using the Nav1.2-L1342P neurons. In isola-
tion, the Nav1.2-L1342P neurons (Fig. 4C, left panel) displayed
extensive APs firing at higher current injections, consistent with
our previous work (Que et al., 2021). Notably, when cocultured
with microglia, the Nav1.2-L1342P neurons exhibited reduced
firing (Fig. 4C, right panel), indicating that microglia could modu-
late the neuronal activity of hyperexcitable Nav1.2-L1342P neu-
rons. Quantitatively, the Nav1.2-L1342P neurons cocultured with
microglia fired significantly fewer APs than Nav1.2-L1342P neu-
rons alone (repeated-measure two–way ANOVA; F(1,37) = 6.421;
*p = 0.016; L1342P, n = 14 neurons; two differentiations;
L1342P +M, n = 25 neurons; two differentiations; Fig. 4E).

Additionally, we observed that the AUC of the AP number
versus current injection plots remained unchanged in the WT
and WT+M comparison (WT, 522.3 ± 77.8; n= 12 neurons;
two differentiations; WT+M, 535.0 ± 55.15; n= 18 neurons;
two differentiations; two-way ANOVA with Tukey’s multiple
comparisons; n.s., p= 0.9994; Fig. 4F). In contrast, the AUC

was significantly reduced in the L1342P +M conditions com-
pared with L1342P neurons (L1342P, 915.1 ± 97.46; n= 14 neu-
rons; L1342P +M, 628.9 ± 58.85; n= 24 neurons; two-way
ANOVA with Tukey’s multiple comparisons; *p= 0.0091;
Fig. 4F). This finding indicates that the presence of microglia spe-
cifically diminishes the AP responsiveness in mutant
hiPSC-derived neurons.We also comparedWT and L1342P neu-
rons in the absence of microglia, and the AUC was increased in
the L1342P compared with the control (WT, 522.3 ± 77.8; n= 12
neurons; two differentiations; L1342P, 915.1 ± 97.46; n= 14 neu-
rons; L1342P +M, 628.9 ± 58.85; n= 24 neurons; two-way
ANOVA with Tukey’s multiple comparisons; **p= 0.0040;
Fig. 4F).

Notably, we did not observe major changes in the maximum
number of AP firings triggered in the WT neurons cocultured
with microglia compared with WT neuron alone (WT, 8.25 ±
0.92 APs; n= 12 neurons; two differentiations; WT+M, 9.50 ±
0.52 APs; n= 18 neurons; two differentiations; two-way
ANOVA with Tukey’s multiple comparisons; n.s., p= 0.7172;
Fig. 4G). But interestingly, we observed a decrease in the maxi-
mum number of AP firings triggered by increasing current injec-
tions in the L1342P neuron cocultured with microglia, showing
a 21% decrease over Nav1.2-L1342P neurons alone (L1342P,
13.86 ± 1.04; n= 14 neurons; L1342P +M, 10.68 ± 0.81; n= 25
neurons; two-way ANOVA with Tukey’s multiple comparisons;
*p= 0.0421; Fig. 4G). For a direct comparison between the
WT and Nav1.2-L1342P neurons, we observed an increasing
number of triggered maximum AP firings in Nav1.2-L1342P
neurons (Fig. 4G), which recapitulate our published
results (Que et al., 2021). Together, our data suggest that
hiPSC-derived human microglia selectively reduce repetitive
firings in hiPSC-derived neurons carrying the seizure-related
Nav1.2-L1342P mutation.

It is possible that the addition of microglia may affect the
intrinsic electrical properties of the neurons, such as AP ampli-
tude, threshold, speed, rise time, or afterhyperpolarization
(AHP), which could lead to the reduction in AP firing. To inves-
tigate this, we performed an analysis of single AP waveforms
fromWT and L1342P neurons, both with and without microglia.
However, we did not observe statistically significant differences
in single AP parameters resulting from the presence of microglia,
indicating that microglia do not affect single neuronal AP wave-
form parameters in our model.

Given the major changes observed in the repetitive firing pat-
terns of L1342P mutant neurons, we analyzed key intrinsic prop-
erties in the waveforms frommultiple APs. Our analysis revealed
significant changes consistent with reduced in repetitive neuro-
nal firing and sodium current density. We detected a trend
toward depolarization of the AP voltage threshold, specifically
in the first, second, and final APs. However this effect was small
(∼4.5 mV or ∼15%) and did not reach significance (first AP:
L1342P, −37.22 ± 1.59; n= 14 neurons; L1342P +M, −33.87 ±
1.54; n= 19 neurons; p= 0.1525; second AP: L1342P, −30.44 ±
1.83; n= 14 neurons; L1342P +M, −26.54 ± 1.59; n = 19 neurons;
p= 0.1219; final AP: L1342P, −24.63 ± 2.07; n= 14 neurons;
L1342P +M, −20.99 ± 1.94; n= 19 neurons, p= 0.219198; multi-
ple unpaired Student’s t tests with Holm–Šídák correction for
multiple comparisons; Fig. 4H). Even though they were not sta-
tistically significant, a minor depolarized shift in voltage thresh-
old might suggest a reduced capability to fire in the L1342P +M
group.We then analyzed the AHP of the repetitive AP trains, and
we determined that the AHP following the final AP was

8 • J. Neurosci., January 15, 2025 • 45(3):e2027232024 Que, Olivero-Acosta, et al. • Human Microglia Regulate Hyperexcitable Neurons



Figure 4. The repetitive firing of hiPSC-derived Nav1.2-L1342P neurons is reduced when cocultured with microglia. A, hiPSC-derived cortical neurons were transduced with an AAV-CaMKIIa-EGFP to
allow the detection of excitatory neuronal populations for patch-clamp electrophysiology. Neurons and microglia were cocultured for 7 d before patch-clamp measurements. B, Representative AP firings
from hiPSC-derived control (WT) cortical neurons alone (left) and with microglia (right). C, Representative AP firings from hiPSC-derived Nav1.2-L1342P cortical neurons alone (left) and with microglia
(right). D, In WT neurons, current injection-triggered AP firing remains relatively unchanged regardless of microglia coculture (WT, n= 12 neurons; two differentiations; WT +M, n= 18 neurons; two
differentiations). E, In Nav1.2-L1342P neurons, current injection-triggered AP firing is reduced when cocultured with microglia (L1342P, n= 14 neurons; two differentiations; L1342P +M, n= 25
neurons; two differentiations). F, AUC summary of the number of APs versus current injection for all conditions. Each dot corresponds to one neuron. G, Maximum AP number per cell across increasing
current injections until 125 pA. H, Voltage thresholds for first, second, and last APs exhibited a consistent trend toward depolarization in the L1342P +M group. I, AHP from the baseline was decreased
in the L1342P+M conditions. J, The rise time was increased in each successive AP in the L1342P +M conditions, indicating a longer time for the AP to take place. K, The dV/dtmax (mV/ms) as a function
of AP# measured at 85 pA current injection decreased with each AP firing in the L1342P +M conditions. Each dot represents an individual neuron. Data are presented as mean ± SEM. Data in panels D
and E were analyzed by repeated-measures of two-way ANOVA, with data pooled from at least two differentiations per condition. Data in F and G were analyzed using two-way ANOVA with Tukey’s
multiple comparisons. Data in panels H, J, and K were analyzed using multiple t tests with Holm–Šídák correction for multiple comparisons, while data in I was analyzed with an unpaired Student’s t
test. *p< 0.05; **p< 0.01; ***p< 0.001; and n.s. (not significant).
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significantly more hyperpolarized in the presence of microglia
(L1342P, −11.97 ± 1.561; n= 12 neurons; L1342P +M, −19.69 ±
2.079; n= 19 neurons; unpaired Student’s t test; *p= 0.0324;
Fig. 4I). A more hyperpolarized AHP indicates that neurons
with microglia take more time to repolarize back to the baseline
after simulation, suggesting a reduced excitability phenotype.

Additionally, we analyzed the kinetics of AP rising phase,
since it is primarily driven by the influx of sodium ions. We
observed a decrease in the speed of the rising phase of the first,
second, and final APs in the repetitive firing trace, as indicated
by the increased rise time and decreased maximum dV/dt in
the group of L1342P +M (rise time first AP: L1342P, 1.376 ±
0.068 ms; n= 14 neurons; L1342P +M, 1.759± 0.113 ms; n= 21
neurons; *p adjusted = 0.0135; second AP: L1342P, 1.852 ±
0.109; n= 14 neurons; L1342P +M, 2.704 ± 0.268 ms; n= 21 neu-
rons; unpaired Student’s t test; *p adjusted = 0.0134; and final AP:
L1342P, 2.846 ± 0.199 ms; n= 14 neurons; L1342P +M, 4.393 ±
0.455; n= 21 neurons; *p= 0.0129; multiple unpaired Student’s
t test with Holm–Šídák correction for multiple comparisons;
Fig. 4J). Correspondingly, the maximum dV/dt was also
decreased in the first, second, and final AP waveforms (Max
dV/dt first AP: L1342P, 135.00 ± 8.07 mV/ms; n= 14 neurons;
L1342P +M, 106.12 ± 7.16 mV/ms; n= 17 neurons; *p= 0.0353;
second AP: 74.98 ± 7.16 mV/ms; n= 14 neurons; L1342P +M,
52.18 ± 6.15; n= 17 neurons; *p= 0.0354; and final AP: 39.32 ±
5.79; n= 14 neurons; L1342P +M, 22.08 ± 3.33; n= 17 neurons;
*p= 0.0345; multiple unpaired Student’s t tests with Holm–
Šídák correction for multiple comparisons; Fig. 4K). These data
indicate an alteration of sodium channel including reduced cur-
rent density and less availability of sodium channel, further

suggesting a reduced neuronal excitability phenotype in neurons
with microglia.

These findings demonstrate that the addition of microglia
significantly modulates repetitive firing, by reducing the speed
of AP firing. Our data align with our observations of decreased
sodium currents (shown in the next section), indicating that
the presence of microglia has a significant effect on lowering
repetitive AP firings, likely through their effects on sodium chan-
nels. Taken together, these alterations in the AP waveform char-
acteristics suggest reduced intrinsic neuronal excitability of the
SCN2A-L1342P neurons cocultured with microglia, aligning
with our observation that fewer AP firings were triggered over
time in response to the same current inputs.

The presence of hiPSC-derived microglia reduces the
maximum sodium current density in hiPSC-derived neurons
carrying the Nav1.2-L1342P mutation
It is known that sodium channel density may affect the firing
properties of neurons (Motipally et al., 2019). Moreover, studies
have suggested that adding microglia to neurons may alter gene
expression patterns (Baxter et al., 2021). Thus, the presence of
microglia may lead to alternations of genes/protein levels
involved in neuronal electrical activity, such as those that encode
ion channels. Therefore, we performed experiments to study the
sodium channel activation and maximum sodium current den-
sity in neurons alone and in coculture with microglia (Fig. 5A).
We obtained the sodium channel activation traces over varying
voltage for L1342P neurons in isolation (Fig. 5B) and in coculture
with microglia (Fig. 5C). This allowed us to measure the
maximum voltage-gated sodium channel current density in

Figure 5. hiPSC-derived Nav1.2-L1342P neurons display reduced sodium current density with microglia coculture. A, The patch clamp was performed on hiPSC-derived cortical neurons
transduced with CaMKII virus to selectively label excitatory neuron populations. B, Representative sodium current trace from Nav1.2-L1342P cortical neurons. C, Representative sodium current
trace from Nav1.2-L1342P cortical neurons cocultured with hiPSC-derived microglia. In both panels B and C, the outward current was blocked using tetraethylammonium chloride in the bath
solution. D, Average peak sodium current density versus voltage (I–V ) curves for Nav1.2-L1342P neurons with or without microglia coculture. E, The maximum current density was significantly
reduced in Nav1.2-L1342P neurons in coculture with microglia (right) (L1342P: n= 31 neurons, three differentiations: L1342P + M, n= 28 neurons from two differentiations). F, Normalized
G/Gmax versus voltage curves, showing no notable difference between L1342P and L1342P + M (with microglia) conditions. G, The maximum conductance (Gmax), normalized to cell capacitance,
was significantly decreased in L1342P neurons cocultured with microglia. H, The persistent current, measured as a percentage of the peak amplitude at 70–80 ms after the peak sodium transient
current, showed no change between the L1342P and L1342P + M conditions. Data are presented as mean ± SEM. Data in E, G, and H was analyzed by unpaired Student’s t test, with each dot
representing an individual neuron. Data were collected from at least two independent differentiations per genotype. *p< 0.05.
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Nav1.2-L1342P hiPSC-derived neurons with or without microglia
(Fig. 5D). Interestingly, we observed a decrease in the maximum
sodium current density in Nav1.2-L1342P neurons cocultured
with microglia (L1342P, −130.8 ± 8.578 pF/pA; n=31 neurons;
L1342P+M, −101.4 ± 6.869 pF/pA; n=28 neurons; *p= 0.0107;
unpaired Student’s t test; Fig. 5E). On the other hand, we found
that the presence of microglia only slightly reduced the current
density of WT neurons, which did not reach a statistically signifi-
cant difference (WT, −118.2 ± 12.03 pA/pF n= 30 neurons; WT+
M, −95.35 ± 10.48 pA/pF; n=19 neurons; unpaired Student’s t
test; n.s., p=0.1933). This reducedmaximum sodium channel cur-
rent density in Nav1.2-L13242P neuron coculture with microglia
may serve as a possible mechanism underlying decreased intrinsic
excitability of neurons carrying the Nav1.2-L1342P mutation
when cocultured with microglia.

To further test whether microglia could alter the voltage
dependence of channel activation, the normalized G–V curve
(G/Gmax vs voltage) was plotted. No notable difference was
observed between the L1342P and L1342P +M on the channel
activation curve (Fig. 5F). Additionally, to further confirm the
decrease in max sodium current density, we calculated Gmax

(normalized for cell capacitance). We observed the same trend
that microglia significantly reduce Gmax (L1342P, 2.132 ± 0.172
nS/pF; n=31 neurons; L1342P+M, 1.627± 0.156; n=28 neurons;
*p=0.0305; unpaired Student’s t test; Fig. 5G). Since the maximum
sodium current measurement could suffer from the potential
space clamping issue, we subsequently assessed the persistent
sodium current. Our results revealed no significant change in
the persistent sodium currents percentage between the L1342P
neurons and L1342P +M conditions (L1342P, 2.429 ± 0.4244%;
n= 29 neurons; L1342P +M, 2.305 ± 0.4215%; n= 25 neurons;
n.s., p= 0.8382; unpaired Student’s t test; Fig. 5H). Taken
together, our results indicate that microglia do not seem to
change the biophysical properties of the sodium channels in

neurons but rather reduce the magnitude of max sodium current
density and max conductance.

Sodium channel expression is reduced within the AIS of
hiPSC-derived L1342P neurons cocultured with microglia
The AIS is a specialized region within the neuronal axonwhere key
sodium channels are expressed, and APs are initiated (Harley et al.,
2023). Changes in the components (e.g., sodium channel) of AIS
are likely to impact neuronal excitability. Because we observed
changes in the repetitive action firing when the cortical neurons
were cocultured with microglia, it is possible that the presence of
microglia may alter the distribution and expression of AIS compo-
nents of the neuron needed for AP firing. To further probe a pos-
sible mechanism to explain of reduced repetitive firings in L1342P
neurons, we investigated the expression of sodium channels with
an antibody targeting Pan Nav, allowing the identification of all
vertebrate sodium channels. This assessment was done relative
to the localization of the AIS, which can be identified with the
scaffolding protein ANK-G.

Immunocytochemistry was performed on hiPSC-derived cor-
tical neurons matured for 45+ d. Neurons were labeled using
somatodendritic marker MAP2 (Fig. 6A). Using confocal
microscopy, we obtained images that allowed us to determine
the AIS length and the localized expression of sodium channels
in L1342P neurons alone (Fig. 6A, top) or in coculture with
microglia (Fig. 6A, bottom). We observed that the AIS length
remained relatively unchanged between the L1342P neurons
alone and in coculture with microglia (L1342P, 31.72 ±
1.43 µm; n= 42 neurons; L1342P +M, 35.97 ± 1.83 µm; n= 21
neurons; unpaired Student’s t test; n.s., p= 0.0822; Fig. 6B).
Interestingly, the Pan Nav intensity was significantly reduced
within the AIS region (L1342P, 0.1777 ± 0.01783; n= 42 neurons;
L1342P +M, 0.1009 ± 0.01793; n = 19 neurons; unpaired
Student’s t test; *p= 0.0344; Fig. 6C), likely indicating that

Figure 6. The intensity of the PanNav/AnkG in the AIS is reduced in the hiPSC-derived Nav1.2-L1342P neurons cocultured with microglia. A, Representative images of L1342P alone (top) and
L1342P neurons cocultured with microglia (bottom) were shown. MAP2 (orange), Pan Nav (magenta), and ANK-G (green). Scale bar, 20 μm. B, No notable change was observed for AIS length in
L1342P neurons with or without microglia coculture. C, The normalized PanNav/AnkG intensity in the AIS region was reduced in the hiPSC-derived L1342P neurons in microglia coculture
conditions. Each dot corresponds to one neuron. Data are presented as mean ± SEM. Data in B–C were analyzed by unpaired Student’s t test. *p< 0.05 and n.s. (not significant)
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microglia may exert an effect on sodium channel distribution or
expression along this unit.

L1342P neuronal cultures exhibit increased extracellular
glutamate release
During periods of intense neuronal hyperactivity, such as sei-
zures, neurons could release excess glutamate (Barker-Haliski
and White, 2015). Microglia express a diverse set of glutamate
receptors, including ionotropic (Ca2+) glutamate receptors like
AMPA, kainate, or N-methyl-D-aspartate (NMDA) andmetabo-
tropic glutamate receptors (Pocock and Kettenmann, 2007;
Czapski and Strosznajder, 2021). Studies suggest that glutamate
facilitates microglial process extension in the CA1 region of the

hippocampus (Eyo et al., 2014). It is thus possible that these
microglial receptors could be stimulated by glutamate to trigger
changes in microglial morphology (Beppu et al., 2013;
X. Zhang et al., 2020) as well altering calcium signals (Logiacco
et al., 2021). However, it is not known whether hiPSC-derived
neurons carrying epilepsy-associated SCN2A mutation would
release excessive glutamate.

We thus carried out an experiment to measure the glutamate
release ofWT and Nav1.2-L1342P neurons (Fig. 7A). Controlling
for basal glutamate in the media, we observed that the mutant
Nav1.2-L1342P neurons released more glutamate after 48 h
than controls, almost 1.5-fold increase (WT, 1.000 ± 0.032;
n = 18 wells; two differentiations; L1342P, 1.584 ± 0.068; n= 18

Figure 7. hiPSC-derived Nav1.2-L1342P neuron cultures produce excessive extracellular glutamate. A, Experimental design schematic. B, Glutamate release from hiPSC-derived WT or L1342P
neurons over 48 h, presented as fold change in luminescence (WT, n= 18 wells, from two differentiations; L1342P, n= 18 wells, from two differentiations). Data are presented as mean ± SEM.
Statistical analysis conducted using unpaired Student’s t test. C, Proposed possible mechanism illustrating microglial sensing and dampening hyperexcitability of neurons carrying
epilepsy-associated SCN2A mutation.
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wells; two differentiations (each dot represents one well);
unpaired Student’s t test; ****p < 0.0001; Fig. 7B). Our findings
thus reveal that the hyperexcitable neurons carrying an
SCN2A-L1342P mutation release more glutamate than control
neurons, which may trigger glutamate-related signal pathways
to mediate microglial responses (Fig. 7C).

Discussion
In this current study, we developed a coculture model combining
WT hiPSC-derived microglia and cortical neurons with a hyper-
excitable phenotype due to the SCN2A-L1342Pmutation. To our
knowledge, this is the first in vitro study to investigate how
human microglia respond and influence hyperexcitable neurons
carrying a disease-causing mutation identified in patients with
genetic epilepsy. Our findings have demonstrated that microglia
can sense and respond to hyperexcitable neurons by increasing
branch length, likely through mechanisms involving glutamate
and calcium signaling. Additionally, we observed that microglia
significantly dampened the repetitive AP firings of neurons car-
rying the epilepsy-associated Nav1.2-L1342P mutation while
having minimal impact on WT neurons. We further show that
hiPSC-derived cortical neurons carrying the epilepsy-associated
Nav1.2-L1342P mutation have reduced sodium current density
when cocultured with human microglia. This occurs along with
a reduction of sodium channel expression within the AIS region
of neurons. Together, our results underscore the significance of
neuron microglia interactions in understanding disease manifes-
tation and suggest a potential mechanism by which microglia
alleviate neuronal hyperexcitability.

Previous studies have shown that microglia can experience
morphological changes in response to neuronal activity
(Nebeling et al., 2023). In a kainic acid (KA)-triggered seizure
model, changes in microglia morphology manifested as an
extended length and increased number of microglial branch pro-
cesses (Eyo et al., 2014). Our findings align with observations in
these mouse models, showing microglial processes extension
when cocultured with neurons carrying epilepsy-associated
Nav1.2 mutation. By recapitulating key morphological findings
from seizure-related mouse models in our human cell-based in
vitro model, we contribute to a deeper understanding of the path-
ophysiological mechanisms underlying microglial responses in
seizure disorders.

Microglial calcium signaling can undergo dynamic changes in
response to their environment, including in response to the excit-
ability of the neurons in live mice (Umpierre et al., 2020). In
response to electrical stimulation, a population of microglia
endogenously expressing the Ca2+ indicator GCaMP6 exhibited
noticeable Ca2+ elevations in neonatal mice (Logiacco et al.,
2021). Furthermore, microglia have been observed to experience
calcium fluctuations in response to changes in neuronal activity
induced through pharmacological and chemogenetic methods.
For example, increased neuronal activity (either in KA-induced
status epilepticus or genetic manipulations using Gq-DREADD
activation) could trigger the elevation of calcium signal ampli-
tude and AUC in microglia (Umpierre et al., 2020).
Interestingly, reduced neuronal activity through isoflurane anes-
thesia or Gi-DREADD inhibition has also been shown to increase
microglial calcium activity (Umpierre et al., 2020). These obser-
vations highlight the dynamic nature of microglial responses to
bimodal alterations in neuronal excitability. Notably, these cal-
cium responses were mainly localized to microglial processes
rather than the soma (Umpierre et al., 2020) and probably medi-
ated by UDP-P2Y6 signaling (Umpierre et al., 2023). To further

provide insights into microglial responses to neuronal activity in
a more pathophysiological context, we use an intrinsically hyper-
excitable human neuronal model that does not require external
stimuli. Despite the considerable species differences between
human and rodent microglia, our study revealed a consistent
finding that calcium signal was increased in the presence of
hyperexcitable neurons and mainly localized in the microglial
processes.

While the exact mechanisms and pathways underlying micro-
glial responses to hyperexcitable neurons are not yet fully under-
stood, our study provided interesting results allowing us to
propose a possible mechanism. We suggest that excess extracel-
lular glutamate (as well as potentially ATP/ADP), released by the
hyperexcitable neurons carrying the SCN2Amutation, may initi-
ate signaling cascade in microglia, prompting morphological
changes and alter calcium dynamics. The presence of microglia
appears to reduce sodium current density and decrease the
expression of sodium channels in the AIS region, possibly leading
to the reduction of repetitive AP firings (Fig. 7C). The specific
mechanisms by which microglia induce changes in neuronal
activity and gene expression remain to be elucidated, presenting
an interesting direction for future research.

While our study found that human microglia can mitigate the
excitability of hyperexcitable neurons carrying the epilepsy-
associated Nav1.2-L1342P mutation, the influences of microglia
on neuronal excitability and seizure phenotypes are quite complex
and context-dependent. In our human cell-based model, we
observed that the presence of microglia could reduce the excitability
of the hyperexcitable Nav1.2-L1342P neurons, suggesting a pre-
sumably beneficial role of microglia in dampening neuronal
hyperexcitability. This aligns with existing literature suggesting a
favorable impact of microglia on seizure modulation. For instance,
pharmacological (CSF1R inhibitor, PLX3397) and genetic
approaches to deplete microglia from mice lead to an increase in
neuronal activity and seizures (Liu et al., 2020; W. Wu et al.,
2020; Gibbs-Shelton et al., 2023), while their repopulation conferred
seizure protection (W. Wu et al., 2020; Gibbs-Shelton et al., 2023).
Additionally, microglial process extensions seem to be neuroprotec-
tive, as their absence seen in P2RY12 knock-out mice worsened
KA-induced seizure outcomes (Eyo et al., 2014).

Interestingly, contradictory to the beneficial role of microglia,
it has been suggested that microglia can also play a detrimental
role in epileptogenesis (Vezzani et al., 2013). Several studies
implicate that the release of proinflammatory cytokines by
microglia could be potential seizure-triggering factors (De
Simoni et al., 2000; Libbey et al., 2011). For example, in a mouse
model of acquired temporal lobe epilepsy triggered by KA
administration, microglia were found to exert proconvulsive
effects through the release of proinflammatory mediator cyto-
kines, contributing to severe status epilepticus (Henning et al.,
2023). Similar increases in proinflammatory mediator cytokines
could also be observed in surgical tissue resected from cases of
human temporal lobe epilepsy, further highlighting the role
of inflammation in seizure formation (Kan et al., 2012). These
studies together suggest a possible detrimental role of microglia
as a seizure trigger. Further studies with diverse models are
necessary to elucidate the precise role of microglia in different
types of seizures and to consolidate the discrepancy among
distinct studies.

While our results reveal interesting interactions between
microglia and neuron, they have limitations and open additional
questions. Our model is an acute exposure of microglia to neu-
rons, thus interpreting chronic effects of interactions between

Que, Olivero-Acosta, et al. • Human Microglia Regulate Hyperexcitable Neurons J. Neurosci., January 15, 2025 • 45(3):e2027232024 • 13



microglia and hyperexcitable neurons should be taken with cau-
tion. As an in vitro study, it is also worth noting that microglia
morphology in our model cannot be directly compared with
microglial morphology in vivo (Wyatt-Johnson et al., 2017).
Moreover, this study did not comprehensively examine the whole
array of microglia and neuron functions. For example, since we
identified a presumably beneficial role of microglia in our disease
model, we did not assess the microglial cytokine release in our
study, given that cytokine release has been shown to exacerbate
neuronal hyperexcitability.

Space clamp artifacts occur when sodium channels are not fully
clamped, causing current from distal compartments to impact the
voltage sweep. Space clamp artifacts are a well-documented chal-
lenge when recording currents from neurons, which often have
complex morphology. This phenomenon has been observed in
several hiPSC-derived neuron studies with similar experimental
designs that compare the effects of Nav channel variants on
sodium channel current densities to their WT channel counter-
parts (H. W. Zhao et al., 2015; Y. Sun et al., 2016; Meents et al.,
2019; Xie et al., 2020; Asadollahi et al., 2023). Although we also
found space clamp effect in our study, it exists in both our control
and experimental conditions. Thus, our comparisons between the
groups are still informative. To reduce space clamp artifacts,
researchers have isolated somatic currents from the AIS, though
at the expense of removing distal contributions to the total sodium
current density values (Milescu et al., 2010; Meents et al., 2019).
Others have also attempted to record from smaller and less mature
neurons with simpler morphology to reduce the proportion of dis-
tal sodium channels, resulting in reduced but still noticeable space
clamp issues (H. W. Zhao et al., 2015). Alternatively, studies have
instead focused on measuring persistent sodium currents, which
are less susceptible to space clamping effects. These are typically
driven by SCN8A in mature neurons (Tidball et al., 2020) or by
aberrant Nav channels with slow inactivation (Qu et al., 2024), nei-
ther of which apply to the SCN2A-L1342P genetic variant used in
our study.

Furthermore, our study intentionally did not utilize microglia
derived from hiPSCs carrying the Nav1.2-L1342P mutation, as
clear evidence suggests that Nav1.2 expression was minimal in
microglia (Black et al., 2009; Black and Waxman, 2012, 2013;
Abud et al., 2017; Grubman et al., 2020; Dräger et al., 2022).
However, while highly unlikely, we cannot rule out that human
microglia carrying the Nav1.2-L1342P might unexpectedly act
differently than control (WT) microglia. While the exact mecha-
nism is unknown, other studies have shown that coculturing
microglia with neurons in an assembloid model could influence
synapse remodeling-related gene expression (Sabate-Soler et al.,
2022). Additionally, we did not explore other potential mecha-
nisms which could explain the reduction of electrical activity.
For instance, it is possible that microglia could modulate neuro-
nal activity through the removal of excessive synapses (J. Wu
et al., 2024), as evidenced by studies in a hyperexcitable
SCN2A-deficient mouse model (Eaton et al., 2021; J. Zhang
et al., 2021; Ma et al., 2022). Furthermore, we did not investigate
alterations in microglial Gi signaling, which have been recently
linked to dampening of neuronal activity and impairing of neu-
ronal synchronization (Merlini et al., 2021; S. Zhao et al., 2024).
Future studies are needed to further dissect the mechanism
underlying microglial-mediated changes in neurons.

As the influence of microglia on neuronal excitability is com-
plex, our findings may or may not be generalized to other types of
epilepsies (e.g., other genetic epilepsies caused by Nav1.1/Nav1.6
mutations or distinct acquired epilepsy), because microglia’s

effects may vary depending on the context. However, evidence
exists to support a hypothesis that a common effect of microglial
regulation of hyperexcitable neurons may exist. It was reported
that in an in vitro cell culture model related to seizures, the addi-
tion of primary microglia can decrease the mean firing rate of
WT cortical neurons exposed to glutamate (a distinct hyperexcit-
able neuron model; Badimon et al., 2020), suggesting a possible
generalization of our findings.

In summary, our study unveils, for the first time, the specific
beneficial effect of microglia in reducing the excitability of
hyperexcitable hiPSC-derived cortical neurons carrying the epi-
lepsy-related Nav1.2-L1342P mutation. These findings under-
score the significance of neuron–microglia interaction and
emphasize the necessity of integrating hiPSC-derived microglia
into neuron-based disease models. Such a platform not only
provides a more comprehensive and pathophysiologically rele-
vant system but also offers a promising avenue for testing
therapeutic interventions utilizing hiPSC-derived neurons and
microglia coculture.
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