
1 of 12Journal of Neurochemistry, 2026; 170:e70388
https://doi.org/10.1111/jnc.70388

Journal of Neurochemistry

ORIGINAL ARTICLE OPEN ACCESS

SPECIAL ISSUE Brain Organoids

CASPR2 Autoimmune Antibodies Induce Neuronal 
Hyperactivity in Human Brain Organoids
Ana Rafaela Oliveira1,2,3  |  Giuseppe Cammarata1,4  |  Catarina Seabra1,3  |  Ana Maria Cardoso1,3  |  
Henrique J. Santos1   |  Joana Guedes1,3   |  Diana Sequeira1,5  |  João Miguel Marques Santos5  |  Guiomar Oliveira6,7,8  |  
Ana Luísa Cardoso1,3  |  Dominique Fernandes1,3  |  Maria Isabel Leite9,10  |  Ester Coutinho1,3,11  |  Ana Luísa Carvalho1,12   |  
Lino Ferreira1,13  |  João Peça1,12

1CNC-Center for Neuroscience and Cell Biology, University of Coimbra, Coimbra, Portugal  |  2MIT-Portugal PhD Program, NOVA School of Science 
and Technology, NOVA University Lisbon, Lisbon, Portugal  |  3Institute for Interdisciplinary Research (IIIUC), University of Coimbra, Coimbra, 
Portugal  |  4Doctoral Programme in Experimental Biology and Biomedicine (PDBEB), University of Coimbra, Coimbra, Portugal  |  5Faculty of Medicine, 
Institute of Endodontics, University of Coimbra, Coimbra, Portugal  |  6Child Developmental Centre and Centro de Investigação e Formação Clínica, 
Hospital Pediátrico, Centro Hospitalar e Universitário de Coimbra, Coimbra, Portugal  |  7Faculty of Medicine, University Clinic of Pediatrics, University 
of Coimbra, Coimbra, Portugal  |  8Clinical Academic Center of Coimbra (CACC), Coimbra, Portugal  |  9Oxford Autoimmune Neurology Group, Nuffield 
Department of Clinical Neurosciences, University of Oxford, Oxford, UK  |  10Department of Neurology, John Radcliffe Hospital, Oxford University 
Hospitals, Oxford, UK  |  11Faculty of Medicine, Universidade Católica Portuguesa, Lisbon, Portugal  |  12Department of Life Sciences, Faculty of Science and 
Technology, University of Coimbra, Coimbra, Portugal  |  13Faculty of Medicine, University of Coimbra, Coimbra, Portugal

Correspondence: João Peça (jpeca@cnc.uc.pt)

Received: 19 August 2025  |  Revised: 14 December 2025  |  Accepted: 3 February 2026

Keywords: autism | brain organoids | CASPR2 | electrophysiology | hyperexcitability | maternal autoantibodies | neurodevelopment

ABSTRACT
Gestational transfer of brain-reactive antibodies is a risk factor for neurodevelopmental disorders. Contactin-associated protein-
like 2 (CASPR2) is a known target for pathogenic maternal autoantibodies which have been proposed to interfere with fetal 
neurodevelopment. However, the impact of CASPR2 antibodies on human brain development remains largely unknown. Here, 
to better understand the neurophysiological changes that occur in the presence of these pathogenic autoantibodies, we cultured 
unguided human neural organoids for a period of 6-months in media containing anti-CASPR2 antibodies. We then performed 
neurophysiological characterization via whole-cell patch-clamp and calcium imaging in acute organoid slices. Our results reveal 
that CASPR2 antibody exposure increased spontaneous synaptic activity, enhanced the maximal frequency of action potential 
firing and of spontaneous network activity. These findings are consistent with a state of neuronal hyperexcitability, a phenotype 
which is observed in several models of neurodevelopmental disorders. Mechanistically, the alterations observed in action poten-
tial waveform are in accordance with a role for CASPR2 in the regulation of voltage-gated potassium channels and a pathological 
role for CASPR2 autoantibodies in driving neuronal hyperexcitability.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1   |   Introduction

Contactin-associated protein-like 2 (CASPR2) is encoded by 
the CNTNAP2 gene, a member of the neurexin superfamily 
of transmembrane proteins that mediate cell–cell interac-
tions (Poliak et  al.  1999). This protein forms a complex with 
Contactin-2/TAG-1 to stabilize voltage-gated potassium chan-
nels (VGKCs) at the juxtaparanodal regions of myelinated axons 
(Poliak et al. 2003; Pinatel et al. 2017). Consistent with VGKCs 
providing crucial regulation over neuronal excitability (Bertil 
Hille  1992), immune or genetic perturbations of CASPR2 re-
sult in Kv1 channel mislocalization and dysfunction, ultimately 
leading to enhanced neuronal excitability in rodent models 
(Dawes et al. 2018; Joubert et al. 2022).

Beyond its primary role in regulating VGKCs, CASPR2 is also 
involved in additional neural roles. As evidenced in the Cntnap2 
knockout (KO) mice, CASPR2 modulates inhibitory tone in 
neural circuits, leading to decreased inhibition in the CA1 re-
gion of the hippocampus, hyperactivity and seizures (Jurgensen 
and Castillo  2015). These mice also show a reduced number 
of GABAergic interneurons, including parvalbumin-positive 
(PVALB+)  cortical interneurons in the somatosensory cor-
tex (Peñagarikano et  al.  2011; Vogt et  al.  2018). Furthermore, 
CASPR2 influences dendritic arborization, spine development 
and stabilization, thereby impacting neuronal network activity 
(Anderson et al. 2012; Gdalyahu et al. 2015) and glutamatergic 
synaptic activity (Fernandes et al. 2019; Varea et al. 2015).

Clinical relevance of CASPR2 is increasingly recognized as the 
result both from genetic mutations and autoimmune pathology. 
Mutations in CNTNAP2 are linked to a spectrum of neurodevel-
opmental and neuropsychiatric disorders (Rodenas-Cuadrado 
et  al.  2014). Notably, rare homozygous loss-of-function muta-
tions and risk variants contribute to forms of autism charac-
terized by intellectual disability, language regression, seizures, 
and cortical dysplasia (Strauss et al. 2006; Alarcón et al. 2008). 
Beyond these genetic associations, CASPR2 has also been estab-
lished as an antigen in autoimmune synaptic encephalitis (Irani 
et al. 2010; Lancaster et al. 2011), a rare central nervous system 
syndrome characterized by memory disorders, temporal lobe 
seizures, and frontal lobe impairments. Building on this under-
standing of antibody-mediated pathology, more recent investi-
gations have revealed that CASPR2 antibodies (CASPR2-Ab) 
can also contribute to neurodevelopmental disorders through 
gestational transfer from mother to fetus (Brimberg et al. 2016; 
Coutinho, Jacobson, et  al.  2017; Bagnall-Moreau et  al.  2020). 
Together, these findings highlight CNTNAP2 as a gene of major 
importance for understanding the molecular underpinnings of 
Autism Spectrum Disorder (ASD) and support a model in which 
CASPR2 dysfunction impairs critical neurodevelopmental pro-
cesses essential for higher-order cognition and behavior.

However, despite collective findings on potential roles for 
CASPR2, the specific neurobiological relevance through which 
maternally-derived CASPR2-Ab leads to neuronal dysfunction 
during early human neurodevelopment remains to be character-
ized. Therefore, and to directly address this question, we char-
acterized human organoids after long-term exposure to plasma 
containing CASPR2-Ab. Using acute slices and whole-cell patch-
clamp, we found increased levels of synaptic activity in neurons 

from organoids incubated with CASPR2-Ab. Additionally, cal-
cium imaging revealed increased levels of spontaneous activity. 
Under current clamp recordings, action potential (AP) wave-
form analysis disclosed an increase in maximal firing frequency 
and a shallower action potential fast-afterhyperpolarization 
(fAHP). This latter alteration is congruent with the phenotype 
of enhanced neuronal hyperexcitability, supports the canonical 
role of CASPR2 in regulating VGKCs, and suggests a novel con-
tribution of CASPR2 to the control of network activity during 
human neurodevelopment.

2   |   Methods

2.1   |   Human Samples

Plasma exchange samples obtained from a 72-year-old male pa-
tient with CASPR2 autoimmune encephalitis, experiencing peri-
ods of disease exacerbation, were collected at the John Radcliffe 
Hospital, Oxford University. The patient presented high levels 
of CASPR2 autoantibodies, developed Morvan's syndrome, pro-
gressive neuropathic pain, episodes of lack of perception with 
goosebumps, and memory complaints (short- and long-term 
memory, including word-finding difficulties), with no indi-
cation of paraneoplastic causes. Control plasma was collected 
from healthy individuals in a protocol approved by the Ethical 
Committee of Centro Hospitalar Universitário de Coimbra 
(Ethics approval Ref. CHUC-065-18). Procedures followed the 
guidelines of the Declaration of Helsinki and written informed 
consent was obtained from the patient and healthy controls.

2.2   |   Human Induced Pluripotent Stem Cells 
(hiPSCs) Culture

Data throughout the manuscript derive from at least two inde-
pendent differentiation experiments, each initiated from a sepa-
rate iPSC thaw and embryoid body formation. Two human iPSC 
lines were used in this study, NCBL1.c5 (RRID:CVCL_C0P1) 
and 31f-r1 (RRID:CVCL_1E85), with their use varying by exper-
imental modality. For the qPCR analyses and the Ca2+ imaging 
experiments, both iPSC lines were employed, and comparable 
results were obtained from both, supporting the reproducibility 
of the observed phenotypes across distinct genetic backgrounds. 
The whole-cell recordings were performed exclusively using the 
31f-r1 line.

The NCBL1.c5 hiPSCs were generated from human dermal fi-
broblasts of a healthy donor through episomal nucleofection of 
Yamanaka factors (Oct3/4, Sox2, Klf4, and L-Myc), as described 
in (Oliveira et al. 2022) and based on the method of (Howden 
et  al.  2015). The 31f-r1 hiPSC line (iLB-C-31f-r1), kindly pro-
vided by Prof. Dr. Oliver Brüstle (University of Bonn), was re-
programmed from human dermal fibroblasts using lentiviral 
delivery of Oct3/4, Sox2, c-Myc, and Klf4.

Both lines were maintained under identical culture condi-
tions: hiPSCs were grown on Matrigel-coated plates (Corning 
Matrigel; Catalog #354277) in mTeSR Plus medium (STEMCELL 
Technologies; Catalog #05825) supplemented with 1% Penicillin/
Streptomycin (Gibco), at 37°C and 5% CO2, and passaged every 
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3–5 days using ReLeSR (STEMCELL Technologies; Catalog 
#05872) for gentle dissociation. Cells were routinely tested for 
mycoplasma contamination and maintained in culture for a 
maximum of 35 passages.

2.3   |   Generation of Human Unguided Neural 
Organoids and Plasma Incubation

Unguided neural organoids were generated based on the pro-
tocol published by Lancaster et  al. (Lancaster et  al.  2013; 

Lancaster and Knoblich 2014), with the modifications presented 
in the STEMdiff Cerebral Organoid Kit (Stem Cell Technologies; 
Catalog #08570), as illustrated in Figure 1. In brief, hiPSCs col-
onies were dissociated using Accutase (Stem Cell Technologies; 
Catalog #07920) and 9000 cells per well were plated on a 96-
well cell suspension plate (Greiner Bio-One) in EB Formation 
Medium with 10 μM of the ROCK inhibitor Y-27632 (Stem Cell 
Technologies; Catalog #72307). Embryoid bodies were fed on 
Day 2 and Day 4 with EB Formation Medium and transferred 
to 24-well cell suspension plates (Greiner Bio-One) in Induction 
Medium, on Day 5. On Day 7, EBs were embedded on droplets 

FIGURE 1    |    Increased synaptic activity in human brain organoids exposed to CASPR2-Ab. (a, b) Representative images of unguided neural organ-
oids maturation collected at 1, 2, 3 and 6 months of in vitro development, using immunohistochemistry directed at Nestin and NeuN (a); and TBR1 
and SATB2 (b). Scale bars: 50 μm (a) or 500 μm (b). (c) Schematic representation of the experimental procedure and incubation using 20 μg/mL of 
control (CTR) or CASPR2-Ab rich plasma, from Month 2 to 6 of organoid maturation, with twice weekly changes of medium and addition of fresh 
plasma. (d) Schematic representation of the recording protocols used for whole-cell recording. (e) Proportion of cells surviving inclusion criteria in 
organoids treated with CTR or CASPR2-Ab (see text and methods section for details). (f, g) Cell capacitance (f) and membrane resistance (g) were 
not significantly different between treatments. (h–k) sEPSCs showed elevated frequency (h) and amplitude (i), with inter-event intervals significant-
ly shifted across the entire distribution (j, k). CTR n = 16–25 cells, 7 organoids; CASPR2 n = 37–45 cells, 7 organoids. Each dot represents one cell. 
Data is presented as a cumulative frequency plot in (j), all other plots are presented as mean ± SEM. Statistical tests: Fisher's exact test (e), two-tailed 
Mann–Whitney test (f–i), Kolmogorov–Smirnov test (j); significance: *p < 0.05, ****p < 0.0001.
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of cold Matrigel (Corning Matrigel; Catalog #354277) on a sheet 
of Parafilm. The droplets were allowed to polymerize at 37°C for 
30 min and were subsequently removed from the Parafilm and 
grown in Expansion Medium for 3 days in ultra-low-attachment 
6-well plates (Corning). Afterwards, the EB droplets were kept 
in suspension in Maturation Medium and placed on an or-
bital shaker at 65 rpm. Organoids were maintained exclusively 
in Maturation Medium for up to 6 months, with exposure to 
CASPR2 encephalitis patient or healthy control plasma (20 μg/
mL) from 2 months of differentiation onwards. The media was 
changed every 3–4 days with addition of fresh plasma.

2.4   |   Immunohistochemistry

Organoids were collected at different ages, from 1 to 6 months of 
differentiation. Upon collection, they were fixed in 4% PFA for 
90 min and then transferred to a solution of 30% sucrose in PBS 1× 
for cryoprotection. Subsequently, they were transferred into OCT 
embedding matrix (VWR), snap-frozen on dry ice and stored at 
−80°C until further use for immunohistochemistry experiments.

Using a cryostat, 20 μm thick sections were obtained and col-
lected directly into adhesive Superfrost Plus slides (Thermo 
Scientific Menzel). Cryosections were washed twice with PBS 
1× and permeabilized with 0.5% Triton X-100 in PBS 1× for 
15 min at room temperature (RT). Sections were then blocked in 
3% BSA in PBS 1× for 1 h at RT and incubated with primary an-
tibodies diluted in 3% BSA in PBS 1× overnight at 4°C. The next 
day, sections were washed twice with PBS 1× and incubated for 
2 h at RT with the secondary antibodies diluted 1:200 in 3% BSA 
in PBS 1×. Nuclei were stained with Hoechst 33342 (1 μg/mL) 
for 5 min in the dark. Sections were washed twice in PBS 1× 
and mounted for microscopy using Dako Fluorescent Mounting 
Medium (Dako). Images were acquired using a Zeiss Confocal 
LSM 710 microscope with a 20× air or 60× oil objective and pro-
cessed using Zen Software (Zeiss). The antibodies used in this 
work are described in Table S1. Combinations of antibodies used 
in tandem are described in the figure legends.

2.5   |   Real Time Quantitative PCR (qRT-PCR)

RNA was extracted from frozen organoids from 1 to 6 months 
of differentiation using the NucleoSpin RNA Isolation Kit 
(Macherey-Nagel; Catalog #740955.50), according to the manu-
facturer's recommendations for cultured cells. Complementary 
DNA (cDNA) was synthesized from 150 ng and 800 ng of total 
extracted RNA using the NZY First-Strand cDNA Synthesis Kit 
(Nzytech; Catalog #MB12501), following the instructions from 
the supplier. The synthesized cDNA was further diluted 20 
times with RNase-free water and stored at −20°C until required 
for quantitative PCR analysis. qRT-PCR was accomplished in 
a StepOnePlus thermocycler (Applied Biosystems) using 96-
well low-profile microtitre plates (Nerbe Plus) and employing 
the NZYSpeedy qPCR Green Master Mix 2× (Nzytech; Catalog 
#MB22402) for mRNA quantification. Relative mRNA levels 
were determined following the Pfaffl method (Pfaffl 2001), tak-
ing into consideration the different amplification efficiencies of 
each primer, obtained from a standard curve of serial sample 
dilutions, determined according to the formula E = 10[−1/slope]. 

Values were normalized to the average expression of GAPDH and 
HPRT. PCR primer sequences used are presented in Table S2.

2.6   |   Slice Preparation for Whole-Cell Patch Clamp 
and Ca2+ Imaging

Organoid slices were obtained as previously described in (Paşca 
et al. 2015) with some modifications. The organoids were first re-
moved from Maturation Medium and placed into a mold with a 
3% low-melting agarose solution prepared in PBS 1×. After gelifi-
cation, the agarose containing the organoid was quickly removed 
and glued to a vibratome support filled with ice-cold oxygenated 
(95%:5% O2:CO2 mix) N-Methyl-D-Glucamine-enriched artificial 
cerebrospinal fluid (NMDG-aCSF) containing 99.69 mM NMDG, 
2.55 mM KCl, 30 mM NaHCO3, 1.23 mM NaH2PO4.H2O, 20 mM 
HEPES, 25 mM glucose, 1.97 mM thiourea, 4.99 mM Na-ascorbate, 
2.99 mM Na-pyruvate, 10 mM MgSO4 and 0.5 mM CaCl2. Slices of 
250 μm were obtained using a vibratome (Leica VT1200s, Leica 
Microsystems, USA) and immediately recovered in a bath at 32°C 
for 8 min in NMDG-aCSF. Slices were then moved to a holding 
chamber that contained oxygenated aCSF at 25°C (127.48 mM 
NaCl, 2.55 mM KCl, 24.04 mM NaHCO3, 1.23 mM NaH2PO4.2H2O, 
12.49 mM glucose, 2 mM MgSO4 and 2 mM CaCl2). Slices were 
maintained in aCSF for at least 1 h before recording. The osmolar-
ity of NMDG-aCSF and aCSF was adjusted to 300–310 mOsm and 
the pH was adjusted to 7.3–7.4 with HCl.

2.7   |   Whole-Cell Patch Clamp Recordings

Whole-cell patch clamp recordings were registered in a re-
cording chamber perfused with aCSF (2–3 mL/min) at 25°C. 
The cells were visualized with an Axio Examiner.D1 micro-
scope (Carl Zeiss) equipped with a Q-capture Pro7 camera 
(Teledyne), and putative pyramidal-shaped neurons near the 
surface of organoids were identified under infrared-differential 
interference contrast visualization with a 40× objective. Cells 
were patched with borosilicate glass recording electrodes 
(3–7 MΩ; Science Products) filled with an internal solution of 
potassium-gluconate (K-int) containing: 145 mM K-gluconate, 
10 mM HEPES, 1 mM EGTA, 2 mM ATP-magnesium salt, 
0.3 mM GTP-sodium salt, and 2 mM MgCl2.6H20, pH adjusted 
to 7.36 with NaOH (298–300 mOsm). The recorded neurons 
were voltage-clamped at −70 mV to record sEPSCs, and the re-
cording was performed for 3 min (gap-free protocol). The rest-
ing membrane potential (RMP) and action potentials (APs) 
parameters were estimated under current-clamp mode. The 
RMP and the neuronal excitability were obtained by stepped 
current injection (1000 ms duration, 10 pA stepwise from −80 
pA to +170 pA—Long-square protocol). The kinetics of the 
APs were acquired by stepped current injection (10 ms du-
ration, 20 pA stepwise from 0 pA to +380 pA—Short-square 
protocol). Criteria for acceptance of cells was determined as 
an initial access resistance under 25 MΩ, which did not in-
crease more than 30% during the recording, RMP ≤ −40 mV, 
and cells firing activity upon current injection. Recordings 
were filtered at 2 kHz and digitized at 20 kHz. All electrophys-
iology data were acquired with a Multiclamp 700B amplifier 
and Digidata 1550A (Molecular Devices). Voltage clamp data 
were analyzed using Clampfit software (v.10.7, Molecular 
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Devices), and current clamp data were analyzed using Easy 
Electrophysiology Software (v.2.4.0). All electrophysiologi-
cal experiments were performed between weeks 25 and 28 of 
in vitro differentiation.

2.8   |   Ca2+ Imaging Recordings

Slices were loaded with 4.5 μM Fluo-4 AM (acetoxymethyl 
ester) (Invitrogen; Catalog #F14201) in aCSF solution for 30 min 
in an incubator at 37°C, 5% CO2. After 30 min, slices were 
washed with PBS 1× and mounted on an inverted fluorescence 
microscope (Zeiss Cell Observer Spinning Disk). Imaging was 
performed at 37°C and 5% CO2 and the emission fluorescence 
was recorded at 506 nm by a highly sensitive electron multi-
plying camera (EM-CCD Evolve Delta). The time course of the 
experiments consisted of 200 ms of exposure for a total of 750 
frames. Imaging processing, including background subtrac-
tion, frame alignment and bleach correction, was performed 
using ImageJ (Fiji). ROIs (regions of interest) corresponded to 
a single microdomain, which may correspond to subcellular 
regions or to clusters of cells depending on signal synchrony. 
ROI related activity was selected using the calcium imaging 
analyzer (CALIMA) software and the frequency of firing was 
calculated using Clampfit software (v.10.7, Molecular Devices).

2.9   |   Data Collection and Statistical Analysis

Data analysis was performed by experimenters blind to treat-
ment group. Raw data values are presented as individual 
scatter plots and averages represented as mean values ± SEM 
(standard error of the mean). Statistical analysis was calcu-
lated using unpaired two-tailed Student t-test, two-tailed 
Mann–Whitney test, repeated measures two-way ANOVA 
or Kolmogorov–Smirnov test. Before application of para-
metric tests, sample normality was tested using D'Agostino-
Pearson test. Full statistical reports are presented in Table S3. 
Analysis was performed using the standard statistical soft-
ware GraphPad Prism 8. Differences were considered sta-
tistically significant for p values < 0.05 (*p < 0.05, **p < 0.01, 
****p < 0.0001). No formal outlier test was conducted. Sample 
size calculation was estimated based on prior experience 
(Oliveira et al. 2022; Martins et al. 2023; Guedes et al. 2023) 
and a priori sample size calculation was not performed.

3   |   Results

3.1   |   Neuronal Features of Human Neural 
Organoids Through 6 Months in Culture

Unguided neural organoids generated from hiPSCs were char-
acterized for up to 6 months of in  vitro maturation. We first 
tested for the expression of markers of neuronal progenitors, 
mature neurons, glia and of neuronal subtypes using immu-
nohistochemistry and qRT-PCR from 1 to 6 months in  vitro 
(Figure 1 and Figure S1). Mature neurons, positive for NEUN, 
appeared reliably after 3 months (Figure  1a), and TBR1 and 
SATB2 staining revealed early-born and late-born neurons, 
respectively, organized along a cortical-like layer in organoids 

grown for 6 months in vitro (Figure 1b). Additionally, we ob-
served the expected variety of cell types, including astrocytes, 
that started to show intense labeling for GFAP after 3–6 months 
in culture (Figure  S1b,h), and mRNA for oligodendrocyte 
precursors, which was observed at 6 months (Figure  S1h). 
In 6-month-old organoids, we observed widespread labeling 
for the excitatory neuronal marker VGLUT, as well as sparse 
GAD67 labeling (inhibitory neurons) and tyrosine hydroxylase 
(TH)-positive staining (dopaminergic neurons) (Figure S1c,d).

During prolonged maturation, we observed a small decrease 
in the expression of neuronal progenitor genes (SOX2 and 
NESTIN), followed by an increase in the early neuronal gene 
β-III TUBULIN (TUJ1). However, MAP2 and β-III TUBULIN 
expression levels were highest in brain organoids with 3 months 
(Figure S1e). This may be associated with cell death at later ages 
(Tanaka et al. 2020) or, alternatively, due to skewed prevalence 
of certain cellular populations appearing only at later stages 
(e.g., astrocytes and oligodendrocytes). This dynamic change 
could, in bulk analysis, lead to a relative dilution of neuronal-
specific mRNAs in later timepoints.

Additionally, we evaluated the expression of sodium- and 
potassium-voltage gated channels, as well as markers for excit-
atory and inhibitory neurons (Figure S1f,g). Again, we found a 
similar decrease in expression at later timepoints, coinciding with 
the increased expression of astrocyte and oligodendrocyte mark-
ers (Figure  S1h). As previously reported (Renner et  al.  2017), 
GFAP and OLIG2 showed an increase in their expression over 
time, with little to no expression in the first months of differen-
tiation (Figure S1h). Together, these results suggest that in our 
experimental conditions, the presence of neurons and glia—
which are important for proper neuronal activity—converge at 
the timepoint of 5–6 months in culture. This indication matched 
pilot electrophysiology experiments performed to assess the 
competency of neurons to fire action potentials, which tended to 
occur reliably only beyond the 5-month maturation period (data 
not shown). Therefore, our data collection was directed towards 
organoids developing in culture until 6-months of age.

Due to the nature of our approach, we tested the binding 
specificity of plasma containing CASPR2-Ab to CASPR2 
(Figure  S2). For this assessment, and as previously reported 
(Coutinho, Menassa, et  al.  2017; Fernandes et  al.  2019), we 
showed that CASPR2-Ab in the plasma of an encephalitis pa-
tient binds to the surface of both rat cortical neurons and HEK 
cells overexpressing human CASPR2 (Figure  S2). This same 
plasma did not show reactivity to HEK cells transfected with a 
control plasmid (Figure S2). Importantly, we also showed that 
control plasma (CTR) from a healthy individual did not react 
with cortical neurons, nor to CASPR2- nor CTR-transfected 
HEK cells (Figure  S2) or to CNTNAP2 KO neurons, as pre-
viously reported (Fernandes et  al.  2019). This indicates that 
control plasma does not contain antibodies against CASPR2 or 
other neuronal surface proteins. Additionally, due to the long-
term incubations being performed, we also aimed to assess if 
antibodies present in the plasma would become depleted over 
time or remain active between media changes. For this experi-
ment, we used conditioned media containing CTR or CASPR2 
plasma (at an initial IgG concentration of 20 μg/mL), collected 
from the organoid cultures before a fresh media exchange 
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and performed. This conditioned media was then used to re-
incubate HEK-transfected cells (Figure S3). In this experiment, 
we could still observe significant IgG staining in CASPR2-
transfected cells after exposure to the conditioned media, sug-
gesting CASPR2-Ab are not depleted from the medium during 
3–4 days in culture, between media replenishment.

3.2   |   CASPR2-Antibodies Do Not Alter Basic 
Neuronal Membrane Properties, but Modify 
Synaptic Connectivity

Brain organoids for characterization were exposed to CASPR2 
or CTR plasma from Month 2 to 6 of differentiation, with twice 
weekly changes of medium containing fresh plasma (20 μg/mL) 
(Figure 1c). Considering the role of CASPR2 in regulating voltage-
gated potassium channels, we sought to determine the effect of 
CASPR2-Ab on neuronal excitability during early brain develop-
ment. For this, we performed whole-cell patch-clamp in neurons 
in acute organoid slices. Cells were included in the analysis based 
on the following criteria: (i) initial access resistance (Ra) < 25 MΩ; 
(ii) difference between the initial Ra and the final Ra < 30%; and 
(iii) resting membrane potential (RMP) ≤ −40 mV. From a total 
of 62 patched cells in CTR condition and 75 cells in CASPR2 
condition (from 7 organoids in each condition), we retained 35 
cells in the CTR condition and 57 cells in the CASPR2 condition 
(p = 0.0181, Fisher's Exact test; Figure 1e). The retained cells that 
met these criteria were subjected to a set of experimental protocols 
or further rejected if, for example, they failed to show the ability 
to fire action potentials or reach protocol specific criteria (e.g., 30 
spontaneous synaptic events within a 3-min recording).

In terms of intrinsic neuronal membrane properties, capacitance 
(CmCTR = 35.84 ± 3.050 pF, n = 25; CmCASPR2 = 44.60 ± 2.723 pF, 
n = 45; p = 0.0575) and membrane resistance (RmCTR = 874.9 ± 
108.9 MΩ, n = 25; RmCASPR2 = 725.5 ± 57.01 MΩ, n = 45; p = 0.2231) 
were not statistically different between conditions, however, 
there was a pronounced trend for larger capacitance in neurons 
from CASPR2-Ab organoids (Figure  1f,g). Next, we assessed 
spontaneous excitatory postsynaptic currents (sEPSCs) and ob-
served an increase in amplitude (sEPSCsCTR = −9.886 ± 0.6999 
pA, n = 16; sEPSCsCASPR2 = −12.69 ± 0.7845 pA, n = 37; p = 0.0203) 
and frequency (sEPSCsCTR = 0.4400 ± 0.08839 Hz, n = 16;  
sEPSCsCASPR2 = 1.182 ± 0.2022 Hz, n = 37; p = 0.0118) of events in  
neurons from CASPR2-Ab-exposed organoids (Figure  1h,i). 
Additionally, analysis of inter-event intervals revealed a signif-
icant shift in event distribution, as shown by the cumulative 
probability plots when considering all detected sEPSCs (ISICTR = 
3.5 919 ± 0.24 237 s, n = 464; ISICASPR2 = 2.1297 ± 0.11082 s, n = 1073; 
Kolmogorov–Smirnov D = 0.1779; p < 0.0001) (Figure  1j,k).  
These results suggest that exposure to CASPR2-Ab might impact 
network neuronal activity by enhancing both the number and 
strength of excitatory synapses.

3.3   |   CASPR2 Antibodies Influence Action 
Potential Repolarization

Considering the role of CASPR2 in regulating voltage-gated 
potassium channels, we sought to determine the effect of 

CASPR2-Ab on AP kinetics during early brain development 
(Figure 2). First, we analyzed the number of cells that would 
discharge an AP under a ramp, short-square or long-square 
current injection protocol (Figure 2a,b). Neurons from CTR or-
ganoids appeared in similar proportion in terms of the capac-
ity to fire AP when compared to those from the CASPR2-Ab 
condition (CTR = 25/35 vs. CASPR2 = 45/57; p = 0.4563, 
Fisher's Exact test; Figure 2b: top). However, CASPR2-Ab ex-
posed neurons showed an increased probability of firing in 
both a short-square and long-square protocols (CTR = 60%, 
CASPR2 = 89%, p = 0.0153 Fisher's Exact test; Figure 2b: bot-
tom). These data could suggest that in CASPR2-Ab treated or-
ganoids, neurons display more robust capability to respond to 
various depolarizing challenges.

We recorded the resting membrane potential (RMP), thresh-
old potential, and rheobase from neurons in CTR and 
CASPR2-Ab treated organoids (Figure  2c–e). We found no 
major differences in RMP (RMPCTR = −57.40 ± 1.688 mV, 
n = 25; RMPCASPR2 = −58.09 ± 1.125 mV, n = 45; p = 0.6416), 
suggesting that cells were significantly polarized, while rest-
ing, in either condition (Figure  2c). In the ramp test, the cur-
rent necessary to elicit an action potential was also similar 
(IrhCTR = −35.38 ± 4.062 pA, n = 22; IrhCASPR2 = 33.91 ± 2.545 
pA, n = 45; p = 0.9446) (Figure  2d). From the latter, we 
could calculate the threshold potential, which was again 
not significantly altered (VthCTR = −26.33 ± 1.739 mV, n = 22; 
VthCASPR2 = −29.59 ± 1.111 mV, n = 45; p = 0.1141) (Figure 2e).

Since CASPR2 is known to influence the clustering and func-
tion of VGKC, we analyzed the waveform of single action po-
tentials induced in a short-square current injection protocol 
(Figure  2f,g). For this analysis, we determined different pa-
rameters, including AP peak voltage, peak amplitude, half-
width, rise time, decay time, and fast-afterhyperpolarization 
(fAHP) amplitude and minimum fAHP voltage (Figure  2h–n). 
The action potential peak (APCTR = 32.62 ± 1.736 mV, n = 17;  
APCASPR2 = 34.69 ± 1.328 mV, n = 41; p = 0.2624) and peak 
amplitude (APΔCTR = 54.28 ± 4.078 mV, n = 17; APΔCASPR2 = 
56.05 ± 1.917 mV, n = 41; p = 0.8392) were not significantly altered 
(Figure  2h,i). The kinetic parameters related to the AP wave-
form, including the half-width (APwCTR = 3.556 ± 0.3454 ms, 
n = 17; APwCASPR2 = 3.094 ± 0.2294 ms, n = 41; p = 0.1834), rise  
time (APtrCTR = 0.9129 ± 0.08286 ms, n = 17; APtrCASPR2 =  
0.8356 ± 0.03978 ms, n = 41; p = 0.7575), or decay time (APτCTR = 
18.21 ± 0.7440 ms, n = 17; APτCASPR2 = 15.71 ± 0.9400 ms, n = 41; 
p = 0.2084) were also not significantly altered in neurons f both 
conditions (Figure 2j–l).

However, the fAHP amplitude (fAHPCTR = −37.28 ± 2.108 mV, 
n = 17; fAHPCASPR2 = −31.97 ± 1.361 mV, n = 41; p = 0.0391) was  
decreased and the minimum voltage of fAHP was also less  
negative in CASPR2-Ab exposed organoids (fAHPmCTR = −57.45 ± 
2.118 mV, n = 17; fAHPmCASPR2 = −53.18 ± 0.9776 mV, n = 41; 
p = 0.0406) (Figure 2m,n). These data indicate there is a reduced 
depolarization shift in the CARPR2-Ab condition, which, con-
sidering the other largely intact parameters of the AP, suggests 
a specific alteration in the VGKCs involved in the spike hyper-
polarizing phase, consistent with the physiological role of Kv1 
channels (Storm 1988).
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FIGURE 2    |    Neurons from organoids incubated with CASPR2-Ab reveal alteration in action potential fast-afterhyperpolarization. (a) Whole-cell 
patch-clamp was performed in acute organoid slices of 250 μm and three different protocols were used: ramp, short- and long-square protocol. (b) 
CASPR2-exposed organoids showed a similar percentage of cells presenting neuronal activity (71% CTR vs. 79% CASPR2, p = 0.4563), but an in-
creased frequency of neurons that respond to both short-square and long-square stimulation (60% CTR vs. 89% CASPR2; p = 0.0155). (c–e) Intrinsic 
neuronal properties: RMP—resting membrane potential (c), rheobase (d), and threshold potential (e) were not significantly altered between condi-
tions. (f–n) Action potentials parameters in neurons from CTR and CASPR2-Ab condition did not show significant differences in AP peak voltage 
(h), peak amplitude (i), AP half-width (j), AP rise time (k) or decay time (l); however, the amplitude of the fast-afterhyperpolarization (fAHP) (m) 
was less negative in the CASPR2 condition, and the fAHP minimum voltage was also less depolarized (n). CTR n = 25–35 cells, 7 organoids; CASPR2 
n = 45–57 cells, 7 organoids. Each dot represents one cell. Data is presented as mean ± SEM. Statistical tests: Fisher's exact test (b), two-tailed Mann–
Whitney test (c–e and h–l) and two-tailed Student t-test (m, n); significance: *p < 0.05.
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We then performed an analysis of long-square current injection 
protocols to assess if the changes in fAHP would influence neu-
ronal excitability (Figure 3a,b). Here, we observed an increase 
in AP firing frequencies in CASPR2-Ab treated organoids along 
various levels of current injection (Main effect of treatment 
F(68,1700) = 13.93, p < 0.001; Figure 3b,c). We also quantified the 
maximum average firing frequency between both conditions, 
which revealed a significantly higher maximal firing rate in neu-
rons from CASPR2-Ab organoids (CTR = 2.00 ± 0.374 Hz, n = 25; 
CASPR2 = 4.67 ± 0.5605 Hz, n = 45; p = 0.0013). As expected, the 
observed hyperexcitability is consistent with impaired Kv1 chan-
nel function (Smart et al. 1998). Finally, to determine whether 
these alterations would translate into spontaneous neuronal 
hyperactivity, we monitored Ca2+ dynamics in acute organoid 
slices loaded with Fluo-4 AM (Figure 4a,b). Under this paradigm, 
CASPR2-exposed organoids displayed a significantly higher fre-
quency of spontaneous Ca2+ transients compared with controls 
(CTR = 0.058 ± 0.0047 Hz, n = 44; CASPR2 = 0.096 ± 0.011 Hz, 
n = 37; p = 0.0063; Figure 4c,d). These findings further support 
the notion that CASPR2 antibodies promote neuronal hyperex-
citability in 6-month-old organoids.

To determine whether the observed excitability defects arose 
from gross developmental alterations or specific defects in 
membrane properties, we performed qRT-PCR analysis across 
distinct cell lineages. We first evaluated neural stem cell and pro-
genitor maintenance using SOX2 and PAX6, followed by TUJ1 
to assess general neuronal differentiation. Subtype specification 
was characterized using SLC17A7 (VGLUT1) and SATB2 for ex-
citatory populations, and GAD1 and DLX2 for inhibitory inter-
neurons. While these major neuronal subtype markers remained 
stable between groups, we detected significant alterations in glial 
lineage markers, including the oligodendrocyte markers OLIG2 
(p < 0.01) and SOX6 (p = 0.0587); nevertheless, we failed to 

amplify mature myelination genes (MAG, MAL or MOG) in both 
groups. We also detected increased expression of the astrocyte 
marker GFAP (p < 0.001). Given the absence of changes in neuro-
nal specification, these glial alterations are consistent with an in-
crease in neuronal activity acting as a driving force for enhanced 
glial maturation, oligodendrogenesis, and astrocyte differenti-
ation (Gibson et  al.  2014; Cohen and Fields  2008). Finally, we 
quantified the voltage-gated channels KCNA1 (Kv1.1), KCNA2 
(Kv1.2), KCNC1 (Kv3.1), and SCN1A (Nav1.1) and observed no 
significant alterations. The lack of transcriptional changes in 
the expression of these channels further supports a mechanism 
stemming from functional defects in membrane mechanisms 
rather than altered expression profiles (Figure S4).

Together, our results demonstrate that long-term exposure 
of human brain organoids to CASPR2-Ab does not alter basic 
membrane properties or action potential initiation, but instead 
specifically enhances excitatory synaptic transmission and re-
duces the amplitude of the fAHP, consistent with impaired Kv1 
channel function. This is further supported by the increased 
evoked firing rates and higher frequency of spontaneous Ca2+ 
transients. Collectively, these convergent findings establish that 
CASPR2 antibodies drive a state of neuronal hyperexcitability 
in 6-month-old organoids, providing mechanistic evidence for 
the pathogenic role of CASPR2 dysfunction in human brain 
development.

4   |   Discussion

CASPR2 antibody-mediated diseases are associated with high 
levels of CASPR2 antibodies in the serum and/or cerebrospi-
nal fluid. Patients with this condition can be afflicted by syn-
dromes that include neuromyotonia, Morvan's syndrome, and 

FIGURE 3    |    Increased neuronal excitability in human neurons incubated with CASPR2-Ab. (a) A long-square stimulation protocol was used to 
assess neuronal excitability in 250 μm acute organoid slices. (b, c). Upon current injection, neurons in CASPR2-exposed organoids presented an in-
creased frequency of action potential firing. (d) Maximal spiking frequency was also significantly elevated. CTR n = 25 cells, 7 organoids; CASPR2 
n = 45 cells, 7 organoids. Each dot represents one cell. Data is presented as mean ± SEM. Statistical tests: Repeated measures two-way ANOVA (c) and 
two-tailed Mann–Whitney test in (d); significance: **p < 0.01, ****p < 0.0001.
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limbic encephalitis (Irani et al. 2010). In addition, CASPR2-Ab 
have been associated with neurodevelopmental disorders aris-
ing from gestational maternal transfer of antibodies to the fetus 
(Coutinho, Jacobson, et al. 2017; Brimberg et al. 2016). However, 
the alterations inflicted on neurophysiology and neuronal net-
work activity during human brain development have not been 
studied. Here, using human brain organoids as a model, we 
show that human CASPR2 antibodies directly impact neuronal 
function and neuro development.

Our findings reveal that CASPR2-Ab do not grossly perturb in-
trinsic membrane properties or action potential initiation,  but 
instead exert specific effects on synaptic connectivity and ac-
tion potential repolarization. In terms of synaptic changes, a 
central observation was the increase in both the frequency and 
amplitude of sEPSCs in neurons from CASPR2-Ab exposed or-
ganoids. This enhancement of excitatory drive aligns with previ-
ous reports implicating CNTNAP2 in regulating glutamatergic 
synapse stability and dendritic spine development (Anderson 
et  al.  2012; Fernandes et  al.  2019; Varea et  al.  2015). Such 
changes in synaptic strength and connectivity likely contribute 
to the increase in spontaneous Ca2+ transients observed during 
live recordings of acute organoid slices and provide a potential 
substrate for neuronal hyperexcitability. Importantly, these data 
extend rodent findings into a human-derived system, reinforc-
ing the notion that CASPR2 dysfunction disrupts the balance 
between excitatory and inhibitory signaling.

At the level of action potential dynamics, we identified a selec-
tive reduction in the amplitude and depth of the fAHP, without 

major changes in spike threshold, amplitude, rise time, or decay 
time. Additionally, we found no significant alterations in cell 
capacitance, membrane resistance, resting membrane potential, 
or rheobase, which suggests that the observed perturbations in 
membrane properties are not the result of major or widespread 
alterations, but rather reflect discrete, localized alterations. 
These specific alterations point to dysfunction of Kv1 channels, 
which normally mediate the rapid repolarizing currents un-
derlying the fAHP (Storm 1988; Smart et al. 1998). Given that 
CASPR2 associates with Contactin-2 to cluster Kv1 channels at 
juxtaparanodal domains (Poliak et al. 2003; Pinatel et al. 2017; 
Traka et  al.  2003), the most parsimonious interpretation is 
therefore that antibody-mediated interference with CASPR2 de-
stabilizes this complex, impairing Kv1 function. The resulting 
attenuation of fAHP predictably enhanced neuronal excitability, 
in agreement with our finding of elevated firing rates under pro-
longed current injection and the spontaneous activity obtained 
under calcium imaging. These findings are also in accordance 
with data in the literature showing that impaired CASPR2/
Contactin-2 complex gives rise to alterations in VGKC response 
and neuronal hyperexcitability (Dawes et  al.  2018; Fernández 
et al. 2021). In the present work, we also attempted to amplify 
myelin-associated genes but failed to do so. This is consistent 
with literature on unguided cerebral organoids, which consis-
tently shows that although glial progenitors emerge around 
5–6 months in vitro, the development of compact myelin is typ-
ically rare or entirely absent unless pro-myelinating factors, 
directed patterning, or co-culture strategies are introduced 
(Urrestizala-Arenaza et al. 2024). Therefore, while we observed 
the emergence of OLIG2 expression at 6 months, indicative of 

FIGURE 4    |    Long-term incubation with CASPR2-Ab produces neuronal hyperexcitability. (a) Ca2+ imaging was performed in 250 μm acute 
slices from neural organoids. (b, c) Time course of live calcium imaging (b) from CTR and CASPR2 and exemplary ROIs (c). (d) Frequency of Ca2+ 
transients indicate increased neuronal activity in CASPR2-Ab exposed organoids. Each dot represents the average signal of a single ROI, which 
represents a local microdomain that may contain more than one single cell. CTR: n = 44; CASPR2-Ab: n = 37 ROIs. Two-tailed Mann–Whitney test. 
Data are presented as mean ± SEM. **p < 0.01.
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oligodendrocyte precursor cells, we failed to find evidence of 
compact myelination. Consequently, the canonical clustering 
of CASPR2 and Kv1 at the juxtaparanodes is likely not yet es-
tablished in this model. Regardless, CASPR2 and Kv1 critically 
cluster at the axon initial segment (Pinatel et al. 2017). As this 
region is the primary site for action potential initiation, this lo-
calization provides a mechanistic basis for our observations of 
altered neuronal excitability (specifically fAHP and firing fre-
quency) in developing human circuits and likely preceding the 
formation of myelinated domains.

Importantly, neuronal hyperactivity can itself drive accelerated 
synaptic maturation and changes in postsynaptic properties; 
therefore, while the increased frequency in spontaneous synap-
tic events could be directly explained by the changes in over-
all network connectivity, the changes in the amplitude of these 
events may be interpreted as arising from modifications at the 
postsynaptic site. This could occur via: (i) a mechanism directly 
interfering with CASPR2 and glutamate receptors at the synapse 
(Anderson et al. 2012; Varea et al. 2015; Fernandes et al. 2019); 
or (ii) changes in synaptic physiology and synaptic maturation 
secondary to changes in neuronal activity (Zhang and Poo 2001; 
Katz and Shatz  1996); or (iii) a combination of both mecha-
nisms. The potential for accelerated maturation of neuronal 
circuits may also be inferred from the increased proportion of 
neurons that fulfilled inclusion criteria, together with the higher 
probability of spiking across different stimulation paradigms in 
CASPR2-Ab exposed organoids, and even from the trend seen 
in increased cell capacitance (an indirect measure of neuronal 
complexity and size). These changes are then consistent with 
activity-dependent maturation processes, whereby enhanced 
neuronal excitability facilitates the recruitment of functional 
neurons into active circuits and promotes the refinement of syn-
aptic connectivity (Zhang and Poo 2001; Katz and Shatz 1996). 
Additionally, our finding of increased expression of oligoden-
drocyte precursors and astrocyte markers in organoids exposed 
to CASPR2-Ab is also consistent with the notion that increased 
neuronal activity will influence the maturation of glial networks 
(Gibson et al. 2014; Cohen and Fields 2008).

Neuronal hyperexcitability may therefore be present as the key 
consequence from the pathological presence of CASPR2-Ab 
during early neurodevelopment, which points to early defects 
in excitation/inhibition ratio as an overarching underlying al-
teration in various ASDs (Rubenstein and Merzenich  2003; 
Manyukhina et al. 2022; Sohal and Rubenstein 2019). Moreover, 
the adult administration of human CASPR2 monoclonal Abs 
into mice was also sufficient to induce brain hyperexcitabil-
ity as recorded by EEG and altered social behaviors in rodents 
(van Hoof et  al.  2024), indicating a convergent phenotype of 
network hyperactivity that can arise from either early develop-
mental perturbation or acute functional blockade of CASPR2 
in the postnatal period. Interestingly, excitatory transmission 
was also found to be altered in CNTNAP2 deletion models 
(Kim et al. 2019; Jurgensen and Castillo 2015; Vogt et al. 2018; 
Anderson et  al.  2012; Lazaro et  al.  2019; Lu et  al.  2021). 
Moreover, in several studies, CASPR2 loss reduces GABAergic 
interneuron subpopulations, resulting in impaired GABAergic 
inhibitory transmission and increased excitability during post-
natal development (Anderson et  al.  2012; Bridi et  al.  2017; 
Jurgensen and Castillo 2015; Lauber et al. 2018; Peñagarikano 

et al. 2011; Lu et al. 2021; Vogt et al. 2018). Additionally, during 
early development, in a CNTNAP2 KO mouse cortical organoid 
model, deficits in inhibitory neurons were also observed, con-
tributing to E/I imbalance (Hali et al. 2020). Interestingly, by 
restoring the E/I balance, a rescue of the hyperactivity pheno-
type was observed in models lacking CNTNAP2 (Selimbeyoglu 
et  al.  2017; Hali et  al.  2020), demonstrating the importance 
of this gene for E/I ratio and network activity (Selimbeyoglu 
et  al.  2017). However, we did not detect gross alterations in 
inhibitory neuron markers. It is likely that the stage of devel-
opment analyzed was not sufficiently prolonged to assess con-
sequences in mature inhibitory subtypes, which tend to arise 
later in development. For instance, PVALB interneurons show 
a characteristic protracted and postnatal maturation; conse-
quently, their presence in organoid cultures is typically not 
observed at significant levels. Indeed, single-cell sequencing 
of organoids has demonstrated that while broad GABAergic 
markers (e.g., GAD, DLX) are detected, mature subclass mark-
ers (such as PVALB) are rare or absent in standard protocols 
(Pollen et al. 2015; Quadrato et al. 2017). Thus, a potential di-
rect impact of CASPR2-Ab on mature inhibitory neuron ac-
tivity must be addressed in future studies utilizing patterned 
organoids or longer developmental periods.

In conclusion, our data supports the view that in early human 
brain development models, the presence of CASPR2-Ab con-
tributes to neuronal hyperexcitability, creating early markers 
for future E/I imbalance, even before the full maturation of the 
inhibitory system.
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