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IN BRIEF   
Human neural crest heart assembloids resembling the major directions of neural crest differentiation in the 
human embryonic heart, including parasympathetic innervation and the mesenchymal component of the 
outflow tract, provide a human-relevant embryonic platform for studying congenital heart defects and drug 
safety. 
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ABSTRACT 
Neural crest cells (NCCs) are a multipotent embryonic cell population of ectodermal origin that extensively 
migrate during early development and contribute to the formation of multiple tissues. Cardiac NCCs play a 
critical role in heart development by orchestrating outflow tract septation, valve formation, aortic arch artery 
patterning, parasympathetic innervation, and maturation of the cardiac conduction system. Abnormal migration, 
proliferation, or differentiation of cardiac NCCs can lead to severe congenital cardiovascular malformations. 
However, the complexity and timing of early embryonic heart development pose significant challenges to 
studying the molecular mechanisms underlying NCC-related cardiac pathologies. Here, we present a 
sophisticated functional model of human heart assembloids derived from induced pluripotent stem cells, which, 
for the first time, recapitulates cardiac NCC integration into the human embryonic heart in vitro. NCCs 
successfully integrated at developmentally relevant stages into heart organoids, and followed developmental 
trajectories known to occur in the human heart. They demonstrated extensive migration, differentiated into 
cholinergic neurons capable of generating nerve impulses, and formed mature glial cells. Additionally, they 
contributed to the mesenchymal populations of the developing outflow tract. Through transcriptomic analysis, 
we revealed that NCCs acquire molecular features of their cardiac derivatives as heart assembloids develop. 
NCC-derived parasympathetic neurons formed functional connections with cardiomyocytes, promoting the 
maturation of the cardiac conduction system. Leveraging this model's cellular complexity and functional 
maturity, we uncovered that early exposure of NCCs to antidepressants harms the development of NCC 
derivatives in the context of the developing heart. The commonly prescribed antidepressant Paroxetine 
disrupted the expression of a critical early neuronal transcription factor, resulting in impaired parasympathetic 
innervation and functional deficits in cardiac tissue. This advanced heart assembloid model holds great 
promise for high-throughput drug screening and unraveling the molecular mechanisms underlying NCC-related 
cardiac formation and congenital heart defects. 
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INTRODUCTION 
Cardiovascular conditions are the leading cause of morbidity and mortality in developed countries, with 
congenital heart defects being the most common birth anomalies in humans1-3. The complex and multifaceted 
interplay of genetic, developmental, environmental, and lifestyle factors underlies cardiovascular disorders, 
posing significant challenges in unraveling their mechanisms and advancing effective treatments. Transgenic 
and knockout animal models remain indispensable tools and the gold standard for studying the roles of specific 
genes and cardiac cell populations in embryonic heart formation4-8. However, critical interspecies differences in 
anatomy, physiology, genetics, and development limit the direct extrapolation of findings to humans9-14. This 
emphasizes the importance of integrating animal models with human-based in vitro systems to enhance 
translational relevance and cross-validation. Recently, we and others reported the creation of three-
dimensional, self-organizing, pluripotent stem cell-derived human heart organoids (hHOs)15-18.These 
developmentally accurate “mini-hearts” exhibit human heart-like cellular complexity, anatomy and physiology, 
effectively recapitulating early stages of human heart development. The field of hHOs has grown rapidly, with 
significant advancements in maturation strategies19, morphological complexity20, chamber formation21, and 
integration with other organoid systems22-24. These developments aim to replicate cardiogenesis better, 
creating in vitro heart models suitable for studying embryonic and adult cardiovascular pathologies and 
exploring novel treatments and preventive strategies for cardiovascular diseases25. 
While the heart is predominantly of mesodermal origin and is formed predominantly from first and second heart 
field cardiac progenitors, several extracardiac cell populations are essential for proper heart formation and 
function26. Most recently, embryonic macrophages have been successfully incorporated into hHOs, creating 
the human heart-macrophage assembloids that remarkably mimic cardiac tissue-resident macrophages in the 
human embryonic heart27. Another extracardiac population is neural crest cells (NCCs), which are a crucial 
multipotent cell population that exists exclusively during early embryogenesis. These cells delaminate from the 
neural tube and migrate extensively throughout the embryo, contributing to a wide range of tissues and organs, 
including craniofacial cartilage and skeleton, melanocytes, the enteric nervous system, and the developing 
heart28. Cardiac NCCs, a subset of vagal NCCs, play critical roles in remodeling pharyngeal arch arteries, 
septating the outflow tract (OFT), driving valvulogenesis, enabling parasympathetic cardiac innervation, and 
supporting conduction system maturation29. While these structures are not entirely composed of NCCs, their 
development critically depends on NCC contributions. Disrupted migration and differentiation of cardiac NCCs 
result in congenital heart defects such as atrial and ventricular septal defects and OFT malformations (e.g., 
Tetralogy of Fallot, transposition of the great arteries, aortic or pulmonary artery stenosis, bicuspid aortic valve, 
patent ductus arteriosus, and persistent truncus arteriosus)30-32. 
Heart development begins early in embryogenesis, with NCCs migrating to the developing heart in humans 
during the fourth week of gestation. This early timeline contributes to the elusive nature of congenital 
cardiovascular neurocristopathies. The OFT is formed by second heart field progenitors that contribute to the 
myocardial part, while the NCC-derived mesenchymal component provides essential patterning33,34. Although 
the neural crest contributes a relatively small number of cells compared to the cardiogenic plate, their presence 
in the OFT is indispensable for normal development35. Studies emphasize the primary role of NCCs in 
cardiovascular development, but the extent of their contributions varies across model systems and species. 
This highlights the need for highly human-relevant platforms to investigate NCC roles in heart development 
and their contributions to cardiovascular diseases. Despite the high complexity of existing 3D heart organoid 
models, none have incorporated NCC migration or tissues, limiting the ability to study processes and 
pathologies associated with neural crest contributions. While the myocardial portion of the OFT has been 
modeled separately21, models integrating the NCC-derived mesenchymal component, crucial for OFT 
formation, still need to be developed. 
Treating maternal conditions during early pregnancy is particularly challenging, as many medications can 
severely impact the developing embryo. Depressive disorders, which are increasingly prevalent among women 
of reproductive age, are commonly treated with selective serotonin reuptake inhibitors (SSRIs)36. SSRIs, which 
block serotonin reuptake and increase extracellular serotonin concentrations, readily cross the placenta37. This 
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results in the modulation of embryonic serotonin levels, disrupting its role as a critical signaling molecule during 
development38,39. Accumulating epidemiological evidence links SSRI use during pregnancy to congenital heart 
malformations in the fetus40-43, but human-relevant models are urgently needed to dissect these potential risks 
during early heart development. 
Here, we describe a human neural crest-heart assembloid (hNCHA) platform that closely mimics the in vivo 
migration of cardiac NCCs into the embryonic heart and their differentiation into major cardiac NCC derivatives 
in a highly controlled environment. This innovative platform functionally models NCC integration and uncovers 
the deleterious effects of early SSRI exposure on the formation of critical cardiac structures in the embryonic 
heart. The hNCHA platform represents a valuable tool for advancing our understanding of neural crest biology 
in heart development, and provides a unique opportunity to investigate NCC-related congenital heart defects 
and the impact of pharmacological interventions during early pregnancy. 
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RESULTS 
Human Neural Crest-Heart Assembloids generated by integration of autologous hiPSC-Derived Neural 
Crest Cells into Human Heart Organoids 
To create human heart assembloids containing autologous cardiac derivatives of neural crest cells (NCCs), we 
first generated NCCs from human induced pluripotent stem cells (iPSCs) using a previously reported method 
that involves inhibiting TGFβ and GSK344. The same hiPSC line was engineered to stably express mCherry 
using lentiviral transduction, and was used for independent NCC differentiation (mCherry-NCCs), producing 
autologous labeled NCCs that are easy to detect and monitor for cell migration. Sustained culture for 7 days 
resulted in expression of the surface marker NGFR and transcriptional factors SOX10, TFAP2A, and FOXD3, 
all associated with neural crest identity (Supp. Fig. 1A, B). We further tested whether hiPSC-derived NCCs 
mimic developmental migratory behavior. The NCCs were dissociated into single cells and reaggregated in 
ultra-low attachment plates by centrifugation. After 24 hr, NCCs formed neurospheres that, when plated onto 
Matrigel, attached, and SOX10+ cells migrated out as if from a neural tube upon development (Supp. Fig 1C, 
D). 
Class 3 semaphorin, specifically the ligand Semaphorin 3C (SEMA3C), is expressed in myocardial cells and 
the mesenchyme of the developing heart, providing attractive cues that direct NCC migration through its 
interaction with the transmembrane receptor Plexin A2 (PLXNA2)45-47. We analyzed the dynamics of SEMA3C 
expression in human heart organoids (hHOs) at various differentiation time points (day 0 through day 19) using 
previously published transcriptomic profiles15. SEMA3C showed peak expression on Day 17 of hHO 
development (Supp. Fig 1E). We also confirmed PLXNA2 expression in iPSC-derived NCCs by qRT-PCR 
(Supp. Fig 1F). Then, we used Day 17 hHOs to integrate PLXNA2+ NCCs to engineer Human Neural Crest 
Heart Assembloids (hNCHAs) - an in vitro system that fully recapitulates the embryonic migration of NCCs in 
the developing heart. Figure 1A provides a schematic summary of the protocol for hNCHA generation. Early 
embryonic self-organizing and developmentally relevant hHOs were differentiated and maintained until Day 17 
following our previously established protocol15. Two days before integration (Day -2), 2,000 mCherry-NCCs 
were seeded in a V-bottom, low-attachment 96-well plate with NCC maintenance media (Fig. 1B, top left). 
After 24 hours (Day -1), the NCCs formed mCherry-labeled neurospheres (Fig. 1B, top right). On the 
integration day (Day 0), Day 17 hHOs were transferred to the NCC-formed neurospheres in the V-bottom plate 
to create human neural crest heart assembloids (hNCHAs) (Fig. 1B, bottom left; Suppl. Fig. 1G). mCherry-
NCCs were observed migrating effectively into the hNCHAs as early as 48 hours post-integration (Supp. Fig. 
1H; Supp. Video 1; Supp. Video 2; Supp. Video 3; Supp. Video 4; Supp. Video 5). Twelve days after 
integration, mCherry-NCCs migrated throughout the hNCHAs, forming neuronal-like projections (Fig. 1B, 
bottom right; Supp. Fig. 1I; Supp. Video 6; Supp. Video 7; Supp. Video 8; Supp. Video 9). 
To determine the localization of migrating NCCs in hNCHAs and clarify the spatial relationship between NCCs 
and other cell types, we performed immunofluorescence staining for the cardiomyocyte-specific marker TNNT2 
and the epicardium marker WT1. In Day 30 hNCHAs (13 days after NCC integration), mCherry-NCCs and 
growing neuronal projections were predominantly colocalized with myocardial tissue (Fig. 1C). High-
magnification images of the assembloids showed mCherry-NCCs migrating along cardiomyocytes and 
neuronal projections closely interacting with them, implying the expression of attractive cues by 
cardiomyocytes (Fig. 1D; Supp. Fig. 1J). In contrast, mCherry-NCCs were found localized on the opposite 
pole from the area densely covered by WT1+ epicardial cells (Fig. 1E). We quantified the area of colocalization 
between mCherry+ cells and either TNNT2+ or WT1+ regions, confirming that migrating NCCs in hNCHAs are 
significantly more associated with cardiomyocytes (Fig. 1F). Quantification of the total mCherry+ area showed 
an NCC and derivative presence of 5 to 15% in hNCHAs, with no significant change between assembloids at 
Day 30 and Day 45 (Fig. 1G). This data demonstrates that integrated NCCs persist in hNCHAs throughout 
their ongoing development. Immunofluorescence assessment for the key NCC transcription factor TFAP2A 
demonstrated a complete absence of NCCs in non-integrated hHOs (Supp. Fig. 1K). The basic Helix-loop-
Helix TWIST1 is a key transcription factor orchestrating cardiac NCC initial formation and migration as well as 
their ability to differentiate into diverse cell types48-50. Immunofluorescence assessment of hNCHAs revealed 
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abundant TWIST1 expression in migrating mCherry-NCCs (Fig. 1H). In summary, we created hNCHAs that 
recapitulate the efficient integration and migration of cardiac NCCs during early heart development and 
demonstrate active interactions between migrating NCCs and myocardial cells. The migrating NCCs contribute 
to a specific morphological organization within the heart assembloids and begin differentiating into NCC 
derivatives, developing neurite-like filaments. 
 
Single-cell RNA sequencing of hNCHAs reveals developmental paths of cardiac NCCs and 
transcriptional changes in major cardiac cell types 
To broadly characterize the cellular composition and transcriptomic landscape of hNCHAs compared to hHOs 
without NCCs, we performed single-cell RNA sequencing (scRNA-seq) on hHOs and hNCHAs at Day 29 (12 
days after NCC integration) and Day 43 (26 days after NCC integration). Unsupervised dimensionality 
reduction of the scRNA-seq data using UMAP identified 18 and 19 cell clusters in hHOs and hNCHAs, 
respectively representing various cell lineages characteristic of the human embryonic heart (Fig. 2A; Supp. 
Fig. 2A). Cell lineages were defined based on the expression of established markers16,19,51-57 or through the 
analysis described below. Representative molecular signatures for each cluster are shown in Fig. 2B and 
Supplementary Table 3. Neural crest cells and their derivatives in hNCHAs were identified based on mCherry 
expression and correspond to cluster 9. Remarkably, the NCC cluster in Day 29 hNCHAs was subdivided into 
two populations, with partial cell localization at the border of cluster 1 and cluster 3, representing a transitioning 
mesenchymal population (MESC) and a cell lineage with an OFT signature (OFT), respectively. This finding 
suggests that integrated NCCs acquire multiple cell fates during migration in hNCHAs. To obtain the 
transcriptomic profile of NCCs before integration, 10% mCherry-NCCs were added to Day 29 hHO sample 
during preparation for sequencing. The mCherry signature enabled the separation of NCCs in data analysis. 
Thus, cluster 9 in Day 29 hHO should be considered as control NCCs before integration. A more detailed 
description of scRNA-seq sample preparation and data processing is provided in the Methods. We then 
compared hNCHA transcriptional profile with an scRNA-seq dataset derived from a 9-week post-conception 
human embryonic heart (Fig. 2C)55. Integration of the developing human heart and hNCHA datasets revealed 
a phenomenal overlap across most cell types, highlighting the high level of similarity between engineered 
hNCHAs and the early embryonic heart. As expected, the NCC population mapped primarily to the neuronal 
cluster and partially to fibroblast-like cells from the human heart. Interestingly, right ventricular cardiomyocytes 
(RV CMs) from hNCHAs colocalized with atrial cardiomyocytes (aCMs) from the human heart, reflecting 
cardiomyocyte specification based on heart field origin: the first heart field gives rise to the left ventricle, while 
the right ventricle and atria develop from the second heart field58. The cluster of cells from hNCHAs labeled 
'Others,' containing a mixture of stromal cells, closely overlapped with white blood cells (WBCs), possibly due 
to shared transcriptional pathways and potential interactions between stromal and immune cells59. 
Neural crest cells are specified based on the region of the neural tube from which they originate60. Cardiac 
NCCs migrate from the neural tube adjacent to rhombomeres 6, 7, and 8 into the forming pharyngeal arches 3, 
4, and 6, where they acquire various cell fates in the developing heart32. Previous studies have identified 
unique genetic signatures specific to cardiac NCCs61,62. Genes within a regulatory subcircuit for cardiac NCC 
specification were found expressed in iPSC-derived mCherry-NCCs, with more expression of TGIF1 and ETS1 
before migration and SOX8 expression in migrating NCCs, along with other genes relevant to cardiac NCC 
development (MAFB, TFAP2B, CDH11) (Fig. 2D). Expression of bona fide NCC markers, such as SOX10, 
TFAP2A, PAX3, FOXD3, and NGFR, which are abundant in NCCs prior to migration, was progressively 
decreasing in NCCs from hNCHAs, clearly demonstrating that NCCs lose their undifferentiated features during 
migration (Fig. 2E). To determine the primary directions of NCC specification upon migration throughout 
hNCHAs and identify key cardiac structures formed with NCC contributions, we performed differential gene 
expression analysis between NCCs from hNCHAs and NCCs before integration, followed by an analysis of 
molecular pathways enriched in NCCs from assembloids. Figure 2F shows a significant upregulation of genes 
known as key regulators of NCC migration and the early formation of NCC derivatives. These include crucial 
molecules in retinoic acid (RA) signaling ALDH1A1 and CRABP163, as RA gradients are essential for NCC 
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migration and contribute to the regional specification of NCC derivatives64. Also upregulated are the adhesion 
protein CDH19, the ECM modulator OLFML2A65, transcription factors NFIA and NFIB, which guide NCCs 
along specific migratory pathways66, PLP1, which is involved in the Schwann cell specification program67, and 
the signaling molecule EDN368,69.  
Pathway enrichment analysis of the NCC cluster from Day 29 hNCHAs revealed that upregulated transcripts 
were primarily related to circulatory system development processes, cell adhesion, and positive regulation of 
nervous system development, including generation of neurons, neuron differentiation and axon development 
(Fig. 2G, I, J; Supp. Fig. 2D). Enrichment of these pathways in migrating NCCs is entirely consistent with the 
main developmental paths previously described for cardiac NCCs63. This analysis also confirmed the activity of 
processes associated with NCC development and differentiation (Fig. 2H; Supp. Fig. 2E). The NCC cluster 
from Day 43 hNCHAs similarly demonstrated predominant activity of neuronal developmental pathways (Supp. 
Fig. 2B), with these processes showing even more significant upregulation in Day 43 NCCs compared to Day 
29 NCCs (Supp. Fig. 2C). The prominent neuronal differentiation of NCCs explains the lower cell count in the 
NCC cluster within the Day 43 hNCHA dataset. The rarity of intrinsic cardiac neurons, along with their soma 
size and neuronal projections, poses challenges for scRNA-seq sample preparation, particularly during the 
filtration step (Supp. Fig. 2A)26,53,63.  
Next, we compared hHOs and hNCHAs by the number of cells in each cluster (Fig. 3A; Supp. Fig. 3A). Both 
Day 29 and Day 43 hNCHAs demonstrated a remarkable increase in one of the cardiomyocyte populations 
that were defined as atrioventricular node cells in the analysis detailly described below. Notably, no difference 
was observed in the cell number of this cluster between Day 29 and Day 43 hHOs, suggesting a significant 
effect of NCC presence (Supp. Fig. 3B). A decrease in the EC cluster was observed in both hHOs and 
hNCHAs on Day 43, which is expected due to the absence of blood flow, a critical factor for EC viability (Supp. 
Fig. 3B; C).  
To characterize the cardiomyocyte cluster, whose cell number increased in hNCHAs due to the presence of 
NCCs, we analyzed the DEGs that distinguish this cluster from other cardiomyocyte populations. An abundant 
number of genes related to the glutamate receptor signaling pathway (GO:0007215; GO:0035249) and axon 
guidance (GO:0007411; GO:1902667) gene ontologies were significantly highly expressed in this cluster, 
which was distinctly segregated from all other cardiomyocytes in a principal component analysis (PCA) based 
on gene sets from these ontologies. (Fig. 3B, C; Supp. Fig. 3D, E). The endogenous glutamatergic transmitter 
system expressed in the human myocardium has been reported to play a role in the physiology and 
pathophysiology of vital cardiac functions70,71. Finally, the upregulated expression of genes specific to 
atrioventricular node (AVN) pacemaker cells in this cluster strongly supports the conclusion that this 
cardiomyocyte cluster possesses AVN identity (Fig. 3D). Thus, AVN pacemaker cardiomyocytes express axon 
guidance genes and help to organize NCC migratory pathways and growth of NCC-generated neuronal 
projections. NCCs, in turn, promote an increase in the number of AVN cells and likely interact with the AVN 
through glutamatergic signaling, as NCCs also upregulated expression of core components of the 
glutamatergic system (Supp. Fig. 3F). 
Next, we aimed to identify the major developmental trajectories of mesenchymal cells in hHOs and hNCHAs 
and the potential contributions of NCCs to various populations. RNA velocity analysis revealed two primary 
directions of cell specification (Fig. 3E), which were further supported by population subdivision based on PCA 
using the expression of key epicardial markers WT1, TBX18, and TCF21 (Fig. 3F). Populations with high 
expression of these markers were classified as epicardial-derived cells, known to be a source of cardiac 
fibroblasts72-76. Proliferating cardiac fibroblasts (PRO CF cluster) were identified based on high expression of 
proliferative markers such as MKI67, TOP2A, and PCNA, alongside cardiac fibroblast-specific genes like 
FBLN5, VCAM1, and COL4A4 (Fig. 2B). The top markers distinguishing cardiac fibroblasts 1 (CF1 cluster) 
from cardiac fibroblasts 2 (CF2 cluster) are shown in Supp. Fig. 3G. Based on comparisons with the human 
embryonic heart dataset52, we hypothesize that CF1 may be related to subepicardial fibroblasts, while CF2 
likely corresponds to myofibroblasts. However, further studies are required, as characterizing fibroblast 
subtypes is challenging due to their overlapping molecular signatures. A detailed analysis of populations with 
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low to no expression of epicardial markers revealed several distinct cell types. These included cells with 
abundant expression of smooth muscle cell markers such as MYH11, TAGLN and CNN1 (SMC cluster) (Fig. 
2B; Supplementary Table 3); cells with higher expression of genes involved in outflow tract and valve 
development, including TGFBI, HAPLN1, BAMBI, PITX2, SCX, GLIS1, BMP4, and MSX1 (OFT cluster) 62,77-79 
(GO:0003151) and a transitioning mesenchymal population (MESC cluster) characterized by exclusive 
expression of the pharyngeal mesoderm marker LHX280, pericyte-specific genes ABCC9, PDGFRB, and 
RGS5, as well as outflow tract signatures including HES1, SNAI2, KCND2, HOXB3, NOTCH1, and BMPR2 
(GO:0003151) (Fig. 2B; Supp. Fig. 3H, I; Supplementary Table 3). 
Analysis of DEGs between hHOs and hNCHAs in the clusters described above revealed that presence of 
NCCs significantly upregulates the expression of critical genes in the OFT cluster of hNCHAs, including 
BAMBI, COL9A3, SFRP2, COL1A1, COL1A2, and HAPLN1 (Fig. 3G). The top 10 biological processes 
enriched in the OFT cluster of Day 29 hNCHAs included blood vessel development and morphogenesis, along 
with the upregulation of general pathways related to circulatory system development, anatomical structure 
morphogenesis, extracellular matrix organization, adhesion, and actin cytoskeleton remodeling in the MESC 
cluster of Day 43 hNCHAs (Fig. 3H; Supp. Fig. 3J, K).  
Vascular SMC, pericytes and mesenchymal cells, contributing to OFT, cushion mesenchyme and 
aorticopulmonary septum constitute the largest lineages of the cardiac NCC derivatives63. We observed the 
part of mCherry-NCCs colocalized with MESC and OFT clusters in Day 29 hNCHAs (Fig. 2A; Fig. 3E). Gene 
expression analysis revealed a gradual significant upregulation of numerous mesenchymal, pericyte, and SMC 
markers in NCCs from hNCHAs as compared to NCCs before migration, closely resembling cardiac NCC 
differentiation in vivo (Fig. 3I). Moreover, NCCs from hNCHAs demonstrated a significant increase in the 
expression of genes belonging to the outflow tract morphogenesis gene ontology (GO:0003151) (Fig. 3J) and 
several other genes including SOST, DCHS1, ID2, and ID3, previously identified as markers of OFT 
development (Fig. 3K) 81-86. Finally, pathway analysis of DEGs confirmed the upregulation of processes related 
to mesenchyme development, mesenchymal cell differentiation, and extracellular matrix organization, along 
with general signaling cascades involved in heart development and morphogenesis, in NCCs from Day 29 
hNCHAs compared to NCCs before migration. (Fig. 3L; Supp. Fig. 3L). 
In summary, the scRNA-seq analysis demonstrated that human neural crest heart assembloids represent a 
complex multicellular model that effectively recapitulates cardiac NCC migration in the embryonic heart. These 
assembloids molecularly replicate how NCCs acquire multiple differentiation paths, contribute to outflow tract 
formation, specialize in neuronal direction, and interact with components of the cardiac conduction system. 
 
Neural Crest Cells promote parasympathetic innervation of hNCHAs 
The cardiac autonomic nervous system regulates heart function through its extrinsic and intrinsic components. 
The intrinsic cardiac nervous system, composed of intracardiac neurons, is capable of independently 
modulating regional cardiac activity87. Cardiac innervation begins in the fifth week of human development and 
involves neural crest cell migration, differentiation into sympathetic and parasympathetic neurons, and the 
formation of cardiac ganglia and neuronal projections. Based on mCherry fluorescence, we observed NCCs 
forming neuronal-like projections in hNCHAs that exhibited synchronous contractions, suggesting their physical 
interaction with cardiomyocytes (Supp. Video 6; Supp. Video 7; Supp. Video 8; Supp. Video 9). 
Immunofluorescence analysis revealed that mCherry-NCCs develop an extensive neurofilament network, 
marked by Neurofilament-160 (NEFM), in Day 30 hNCHAs (Fig. 4A), which continues to grow and expand as 
hNCHAs develop through Day 45 (Fig. 4B; Supp. Fig. 4A) and Day 60 (Supp. Fig. 4B). We never detected 
NEFM+ neurofilaments in hHOs without NCCs (Supp. Fig. 4D). High magnification images show abundance 
presence of additional neuronal specific cytoskeletal proteins Peripherin (PRPH) and class III b-tubulin 
(TUBB3) in mCherry-NCC-derived projections of Day 30 hNCHAs (Fig. 4C, D; Supp. Fig. 4E) and Day 45 
hNCHAs (Supp. Fig. 4F, G). Notably, NCC neuronal derivatives were organized into TUBB3+ ganglionated 
structures (Fig. 4D, top; Suppl. Fig. 4E, bottom). Upregulation of neuronal markers visualized in hNCHAs 
was confirmed by the expression of corresponding genes using qRT-PCR (Supp. Fig. 4C). At the same time, 
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scRNA-seq showed increased expression of these genes specifically in NCCs (Fig. 4E). Further scRNA-seq 
analysis demonstrated significant upregulation of numerous genes associated with neuronal development in 
NCCs from hNCHAs as compared to NCCs before integration (Fig. 4F)88-94. 
Sympathetic neurons arise from trunk NCCs, while parasympathetic innervation originates from cardiac NCCs, 
becoming functional before the differentiation of sympathetic neurons95-97. We analyzed the curated list of 
genes associated with parasympathetic nervous system development (GO:0048486) and found that NCCs 
from hNCHAs significantly upregulated the expression of several genes compared to NCCs before integration 
(Fig. 4G). Paired-like homeobox 2b (PHOX2B) plays a key role in the initial differentiation of neuronal 
precursors to both sympathetic and parasympathetic neurons98. qRT-PCR confirmed upregulation of PHOX2B 
and the primary early parasympathetic marker SLC18A3 in Day 30 hNCHAs compared to hHOs without NCCs 
(Supp. Fig. 4I). Immunofluorescence assessment demonstrated that mCherry-NCCs differentiate into 
parasympathetic cholinergic neurons expressing vesicular acetylcholine transporter VAChT (SLC18A3) in Day 
30 hNCHAs (Fig. 4H, I). The key parasympathetic marker choline acetyltransferase (CHAT) was first detected 
in Day 45 hNCHAs (Supp. Fig. 4J), while fully developed CHAT+ parasympathetic neurons forming clusters of 
neuronal bodies were observed in close proximity to cardiomyocytes in Day 60, Day 70, and Day 90 hNCHAs 
(Fig. 4J, K). Weak expression of the sympathetic marker tyrosine hydroxylase (TH) was observed in both 
hNCHAs and hHOs without NCCs. Notably, TH was not localized in mCherry+ NCCs, hinting at the potential 
presence of non-neuronal intrinsic cardiac adrenergic cells known to produce TH during heart 
development99,100 (Supp. Fig. 4H). NCC-derived neuronal projections extensively interlace with 
cardiomyocytes. To visualize potential neurocardiac junctions and synaptic varicosities, we stained Day 30 
hNCHAs for the presynaptic marker Synapsin I (SYN1), using TNNT2 as a cardiomyocyte marker. Synapsin I 
was localized on the membranes of mCherry+ neurites at contact sites with cardiomyocytes suggesting 
possible neurocardiac communication (Fig. 4L, M). Additionally, we investigated the expression levels of 
various synapse-related genes and presynaptic cell adhesion molecules (CAMs) in NCCs from hNCHAs 
compared to NCCs before integration and discovered significant upregulation of critical CAMs, including 
NCAM1/2, NRXN1/2, FLRT2, CHL1, and NTM; key components of the SNARE complex, such as SNAP25 and 
VAMP2101,102 alongside scaffold and cytoskeletal proteins MAGI2, AKAP12, SYT11/14, KIF1A, SNCA, SYNPO, 
and DNM2, which are involved in maintaining synaptic structure, plasticity, vesicle trafficking, fusion, and 
neurotransmitter release (Fig. 4N)96,103-107. These data are highlighted by GO analysis, revealing terms 
associated with synapse assembly and nerve impulse transmission in NCCs from hNCHAs (Fig. 4O). We 
conclude that neural crest heart assembloids develop mature NCC-derived parasympathetic neurons that 
establish synaptic connections with cardiomyocytes. 
 
NCC-derived parasympathetic neurons form functional communication with the cardiac conduction 
system and contribute to electrophysiological cardiomyocyte maturation 
Components of the cardiac conduction system in the mammalian heart are largely innervated by NCC-derived 
post-ganglionic fibers33,96,108. Immunofluorescence analysis of hNCHAs for the sinoatrial node (SAN)-specific 
marker VSNL1 demonstrated mCherry+ NCC localization in close proximity to VSNL1+ cardiomyocytes in Day 
30 hNCHAs (Supp. Fig. 5A). By Day 45, the NCC-derived neurite network extended toward VSNL1+ SAN 
cardiomyocytes, extensively intertwining with pacemaker cells (Fig 5A; Supp. Fig. 5B). High magnification 
images show individual conductance cells of Day 45 hNCHAs physically interacting with neuronal fibers (Fig. 
5B; Supp. Fig. 5C). Expression of crucial chemoattractant - nerve growth factor (NGF) was detected at 
varying levels across all cardiomyocyte populations, with notably higher expression in atrioventricular node 
cells (Fig. 5C). Furthermore, we observed that SAN cells from Day 43 hNCHAs exhibited significantly higher 
expression of axon guidance genes compared to SAN from hHOs without NCCs. These genes included 
semaphorins and slit genes (SEMA3A, SEMA3C, SLIT2, SLIT3), contactins (CNTN4, CNTN5), and neuronal 
CAMs (NRXN1, NRXN3, PTK2, NCAM1) (Fig. 5D). Notably, the expression of corresponding receptors 
(NGFR, PLXNA2, PLXNA4, ROBO1, ROBO2) by migrating NCCs (Fig. 4F, G) confirms the presence of a 
finely tuned molecular machinery in hNCHAs that regulates proper NCC migration and neurocardiac 
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development via components of the cardiac conduction system. Consistently, pathway analysis of the SAN 
cluster from hNCHAs revealed enrichment in processes related to neuron projection development, synapse 
assembly, and postsynaptic membrane structure, further supporting the establishment of functional cross-talk 
between developing neurons and conductive cardiomyocytes (Fig. 5E). 
Next, we aimed to characterize the functional properties of hNCHAs. Heart assembloids with NCCs exhibited a 
reduced beating rate compared to hHOs without NCCs, displaying a decreasing trend in Day 30 hNCHAs that 
became significantly lower by Day 45 (Fig. 5F; Supp. Fig. 5F). An assessment of membrane potential 
changes in individual cardiomyocytes from Day 45 hNCHAs and hHOs, using voltage-sensitive dye (FluoVolt) 
and live imaging, confirmed a lower action potential frequency in hNCHAs (Fig. 5G). Relied on chamber-
specific action potential shapes, we found that ventricular and atrial cardiomyocytes in hNCHAs exhibited 
longer action potential durations compared to cardiomyocytes in hHOs, indicating a clear sign of cardiac 
maturation (Fig. 5G). Furthermore, the presence of nodal-like cells in hNCHAs was confirmed (Fig. 5G). Gene 
Ontology analysis of the differentially upregulated genes in ACM and VCM from Day 43 hNCHAs reflected 
enrichment of processes associated with cardiac maturation and affecting critical cardiac cellular components 
(Supp. Fig. 5D, E). The upregulation of pathways related to neuronal development and synaptic structures 
further proved the interaction between NCC neuronal derivatives and chamber-specific cardiomyocytes. 
(Supp. Fig. 5D, E).  
Since hNCHAs contained VAChT+ and CHAT+ parasympathetic neurons and exhibited lower beating rates, we 
reasoned that the neurotransmitter acetylcholine (ACh) might have an impact on cardiac tissue function. 
Indeed, cardiomyocyte populations in Day 43 hNCHAs exhibited significantly upregulated expression of genes 
involved in signaling responses to acetylcholine (ACh) (GO:1905144), including the cardiac muscarinic 
cholinergic receptor M2 (CHRM2), G-protein (GNAQ), effector protein phospholipase C-β1 (PLCB1), plasma 
membrane calcium-transporting ATPase 4 (ATP2B4), and the proteoglycan agrin (AGRN), which is known to 
be involved in ACh receptor aggregation and neuromuscular junction development during embryogenesis. To 
assess whether the decrease in beating rate observed in hNCHAs was a result of ACh released by 
parasympathetic neurons, we used pharmacological agents to block muscarinic receptors and inhibit choline 
reuptake by its transporter, thereby suppressing the effect of ACh (1 µM Atropine, 1 µM Glycopyrrolate, 1 µM 
Scopolamine, 1 µM Tiotropium, and 10 µM Hemicholinium-3). hNCHAs exhibited an increase in beating rate in 
response to drug treatment, suggesting the effective blockade of parasympathetic neurocardiac junctions. In 
contrast, hHOs without NCCs showed little to no reaction to the same treatment (Fig. 5I). Overall, these data 
provide experimental evidence of the close communication between NCC-derived parasympathetic neurons 
and the myocardium via the acetylcholine neurotransmitter, highlighting their significant impact on cardiac 
function. 
We then validated the functionality of NCC-derived neurons in hNCHAs using live imaging with the Ca²⁺ sensor 
GCaMP6f109. To achieve this, we generated NCCs from an iPSC line expressing GCaMP6f and integrated 
them into hHOs lacking a reporter. Treatment of NCC cultures with 5 uM Ionomycin induced spontaneous 
calcium activity, indicating the high responsiveness of this cellular system (Supp. Fig 5G). Live imaging of Day 
60 heart assembloids with GCaMP6f-NCCs revealed periodical rapid calcium transients in GCaMP6f-NCC 
derivatives, providing evidence of functional nerve impulses generated by developing parasympathetic neurons 
(Fig. 5J, K; Supplementary Video 10). 
 
Neural Crest Cells differentiate into glial cells, supporting developing parasympathetic innervation and 
contributing to outflow tract development 
Glial cells are developmentally and functionally essential for the nervous system, including the intracardiac 
nervous system. While the differentiation of glial cell populations during heart development remains poorly 
understood, previous studies have established that most peripheral glial populations are neural crest-derived, 
and cardiac glia is generated by cardiac NCCs110,111. We stained hNCHAs for the primary glial marker S100 
calcium-binding protein B (S100B) and observed that a subset of mCherry+ NCCs differentiated into glial cells 
of a spindle shape with thin processes at each end, which were colocalized with mCherry+ projections 
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interlacing cardiomyocytes (Fig. 6A; Supp. Fig. 6A). High-magnification imaging clearly showed S100B+ cells 
enveloping mCherry+ neuronal fibers (Fig. 6B; Supp. Fig. 6B). Single-cell RNA-seq data and gene expression 
analysis by qRT-PCR provided additional evidence for the presence of NCC-derived glial cells in assembloids. 
Glial-associated genes were gradually upregulated in NCCs of Day 29 and Day 43 hNCHAs. Pathway analysis 
of differentially upregulated genes revealed enrichment in processes related to gliogenesis and glial cell 
differentiation (Fig. 6C, D; Supp. Fig. 6C). To demonstrate that differentiating mCherry+ glial cells are part of 
the developing cardiac parasympathetic innervation and provide support for growing neuronal fibers, hNCHAs 
were co-stained with the glial marker S100B and the neuronal markers TUBB3 and PRPH. This revealed a 
close association between S100B-positive glial cells and neurites labeled with neuronal markers, consistent 
with the characteristics of neuroglial cells (Fig. 6E, F). Both glial cells and neuronal fibers expressed mCherry, 
confirming their NCC origin and highlighting the multipotency of NCCs migrating within hNCHAs. 
Mesenchymal NCC derivatives migrate into the developing outflow tract (OFT), where they form the 
aorticopulmonary septal complex and populate the OFT cushion mesenchyme, which undergoes remodeling to 
form the valvular leaflets63,112. Given that NCCs migrating in hNCHAs exhibited upregulated expression of 
mesenchymal genes associated with OFT formation (Fig. 2I, J, K), we next visualized mCherry-NCCs with 
potential valvular commitment by staining for established valve formation markers transcriptional factor Msh 
Homeobox 1 (MSX1) and Collagen 1A1 (COL1A1)113. Double-positive mCherry+/MSX1+ cell aggregates were 
identified on the periphery of hNCHAs, closely associated with cardiomyocytes (Fig. 6G; Supp. Fig. 6D). The 
extracellular matrix protein Collagen 1A1 (COL1A1) is abundantly expressed in the developing heart, where it 
plays a critical role in extracellular matrix remodeling and maintaining structural integrity, as well as serving as 
a primary marker for valve interstitial cells (VICs)114-118. Consistently, we found COL1A1 expression throughout 
the hNCHAs (Supp. Fig. 6E). High-magnification images revealed abundant COL1A1 localization in a subset 
of mCherry+ NCCs, suggesting their potential early differentiation into VICs (Fig. 6H; Supp. Fig. 6F). Notably, 
COL1A1 was detected exclusively in large, condensed mCherry+ NCCs lacking neuronal projections, whereas 
mCherry+ neurites were devoid of COL1A1 expression (Supp. Fig. 6G). This finding highlights the divergence 
of the neuronal and mesenchymal multipotent NCC fates in hNCHAs. Neural crest cells from hNCHAs 
demonstrated a significantly increased expression of genes previously associated with valvular cushions, 
including HAS2, PRRX2, MEST, CDH11, and ID1, along with genes more specifically linked to valve interstitial 
cell differentiation, such as PENK, BAMBI, PRRX1, and ID4 (Fig. 6I, J)52,63,79,84,86,117,119-121. Finally, signaling 
pathways associated with outflow tract morphogenesis, endocardial cushion formation, and heart valve 
development, among others, were identified as significantly upregulated based on the differentially expressed 
genes in NCC cluster of Day 29 hNCHAs (Fig. 6K; Supp. Fig. 6H). In summary, detailed immunofluorescence 
and gene expression analyses revealed distinct cell lineages and transcriptomic states of cardiac NCC 
derivatives in human heart assembloids, aligning with in vivo and in vitro studies of NCC migration during heart 
development. 
 
Early exposure of Neural Crest Cells to Selective Serotonin Reuptake Inhibitors disrupts the proper 
development of NCC derivatives in hNCHAs 
The creation of highly complex, stem cell-derived human organ-like 3D organoids in vitro has opened 
unprecedented opportunities to study previously inaccessible developmental processes and disease states, 
particularly at stages where human tissue samples cannot be obtained27. Managing depression during 
pregnancy is challenging36, as untreated maternal depression poses risks to maternal health, while the use of 
Selective Serotonin Reuptake Inhibitors (SSRIs), commonly prescribed antidepressants, have been linked to 
fetal heart defects41-43 and increased risk of spontaneous abortion122-124. Epidemiological studies associate 
prenatal SSRI exposure with an increased incidence of septal defects125,126, transposition of the great arteries, 
and outflow tract malformations38. However, the precise mechanisms underlying these associations remain 
unclear38,127, data are controversial128-130, and the potential risks may be underestimated131,132. Disruption of 
NCC migration, survival, and differentiation results in defective patterning of outflow tract and great arteries, 
impaired looping and lengthening of heart tube, and abnormal early myocardial function. In this context, we 
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hypothesized that human neural crest heart assembloids could serve as a suitable model for studying the 
effects of prenatal SSRI exposure on neural crest cell migration and the development of their derivatives. 
The effects of seven commonly prescribed SSRIs - Paroxetine, Venlafaxine, Sertraline, Citalopram, Fluoxetine, 
Escitalopram, and Fluvoxamine - were investigated. Neural crest cells were exposed to these SSRIs 
throughout differentiation, beginning on Day 0 (Figure 7A). Two concentrations were selected for each drug, 
reflecting maternal plasma levels for the specific SSRIs. Subsequently, SSRI-treated NCCs were incorporated 
into untreated heart organoids to create hNCHAs for further analysis (Figure 7A). First, we analyzed SSRI-
exposed NCCs before integration and observed a significant dose-dependent decrease in PHOX2B 
expression, with the strongest effects for the three most used SSRIs - Paroxetine, Venlafaxine, and Sertraline 
(Figure 7B). PHOX2B is a gene essential for the development of autonomic neural crest derivatives and the 
generation of parasympathetic cholinergic and serotonergic neurons 98,133,134. Further gene expression analysis 
of Day 30 assembloids with treated NCCs revealed significant downregulation of key markers for NCC 
derivatives, including neuronal markers PHOX2B, NEFM, and PRPH, the parasympathetic marker SLC18A3, 
and glial-specific genes S100B and GAP43 (Figure 7C). Functional characterization demonstrated an 
increased beating rate in Day 45 hNCHAs containing NCCs exposed to Paroxetine and Sertraline, compared 
to assembloids with untreated NCCs, suggesting a potential disruption in the development of cholinergic 
neurons and their acetylcholine-mediated effects on cardiac function (Figure 7D). Interestingly, waterborne 
exposure to antidepressants during early development increased the heart rate at 48 hpf of zebrafish larvae135. 
Immunostaining with Neurofilament-160 (NEFM) antibodies in Day 30 hNCHAs confirmed the gene expression 
findings. hNCHAs exposed to Paroxetine and Sertraline exhibited significantly less developed NEFM+ NCC-
derived neurites (Figure 7E, F, G). Interestingly, the mCherry+ area was slightly reduced in hNCHAs with 
Paroxetine-treated NCCs but not in those with Sertraline-treated NCCs (Figure 7G, top). This suggests that 
early SSRI exposure affects NCC differentiation into neuronal derivatives rather than their migration. 
Consistently, the ratio of NEFM+ area to mCherry+ area was significantly lower in assembloids with NCCs 
exposed to Paroxetine and Sertraline (Figure 7G, bottom). In contrast, Venlafaxine, a serotonin-
norepinephrine reuptake inhibitor, may exert a different effect on NCCs and hNCHAs, potentially due to its 
distinct mechanism of action. Collectively, these findings provide the first experimental human evidence of the 
potential deleterious effects of antidepressant use during early pregnancy, a critical period for heart formation. 
Our study raises important clinical questions regarding the safety of medications during pregnancy, particularly 
in relation to congenital heart defects. It also lays the groundwork for further research aimed at identifying 
alternative drugs with similar therapeutic efficacy for depressive disorders but with reduced adverse effects on 
embryonic heart development. Furthermore, we demonstrated the robust functional integration of NCCs into 
developing heart tissue, highlighting their significant impact on heart assembloids development, as only the 
NCCs were exposed to SSRIs. Finally, we validated the functionality of our novel human heart assembloids 
containing neural crest cells, showing that they respond molecularly, morphologically, and functionally to drug 
treatments. These findings further support the utility of these assembloids as a model for studying drug effects 
during early heart development. 
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DISCUSSION 
Neural crest cells (NCCs) are a highly fascinating embryonic cell population that delaminates from the neural 
tube and begins migrating to the developing heart in humans during the fourth week of gestation. Unlike other 
cell types, NCCs do not fully form cardiac structures themselves but instead contribute to and orchestrate the 
development of several critical structures, both morphologically and functionally. Consequently, NCCs are key 
players in complex tissue interactions and serve as sensitive signaling pathway modulators, making them 
highly vulnerable to perturbations caused by or affecting neighboring cells in these regions112. Despite the 
significant role of NCCs in cardiac development, current stem cell-derived human heart organoid models have 
not incorporated this indispensable cell population21,22,136,137. This omission restricts these models' 
morphological complexity, functionality, and overall applicability in studying human heart development and 
disease. We leveraged the human-relevant cellular complexity of our previously published heart organoids 
(hHO)15, applied maturation strategies from our recent work19 and successfully integrated neural crest cells to 
advance the modeling of the earliest stages of human heart development in vitro. Here, we present an 
unprecedented human heart assembloid model containing migrating cardiac NCCs, which, during 
development, give rise to relevant cardiovascular derivatives of NCC origin. 
We successfully differentiated NCCs exhibiting key transcriptional features and migratory behaviors 
characteristic of cardiac NCCs. Building on insights from animal studies about the molecular drivers of NCC 
migration during heart development, particularly the critical roles of SEMA3C and Plexin-A2 in the semaphorin-
plexin signaling pathway, which regulates the migration and function of cardiac NCCs45,47,138,139, ensuring 
precise integration, we selected a developmental stage of hHOs that aligns with the signaling networks driving 
NCC migration in vivo. Upon integration, NCCs readily migrated upon contact with the cardiac organoids, 
indicating the appropriateness of the selected day for NCC addition. The NCCs exhibited a robust response to 
the spatiotemporal expression of developmental signals from the hHOs, closely mirroring embryonic processes 
observed during human heart development in vivo. 
scRNA-seq data revealed the developmental trajectories of NCCs within human neural crest heart 
assembloids (hNCHAs). The analysis demonstrated how NCCs transition from an undifferentiated state to 
neuronal or mesenchymal fates—the two primary lineages of NCC derivatives in the embryonic heart. A 
comparison with human embryonic heart data underscored the remarkable resemblance between NCC-
integrated hNCHAs and the developing human heart. NCCs in hNCHAs recapitulated the majority of 
transcriptional features reported for NCC development and their derivatives, as described in numerous 
transcriptomic studies63,79,86,140-143. Detailed characterization of the neuronal specification of NCCs in hNCHAs 
revealed their progressive alignment with the developmental trajectory of neuron formation. Initially, NCCs 
expressed common neuronal markers such as NEFM, TUBB3, and PRPH, followed by gradual 
parasympathetic specification, culminating in the formation of functional cholinergic neurons capable of 
generating nerve impulses. While sympathetic and parasympathetic neurons both derive from NCCs, they 
originate from distinct regions of the neural tube144. Notably, cardiac NCCs give rise exclusively to 
parasympathetic neurons of the intrinsic cardiac nervous system97,108. In our system, we observed the 
formation of functional parasympathetic neurons but not sympathetic neurons, further validating that NCCs in 
hNCHAs closely resemble the characteristics of cardiac NCCs in vivo. Several studies have attempted to 
achieve in vitro cardiac tissue innervation145,146. These exciting models utilized pre-differentiated neurons or 
neuronal progenitors for integration into cardiac tissues. In contrast, we leveraged the developmentally driven 
self-organization capability of multipotent NCCs, allowing them to differentiate and integrate within forming 
embryonic-like cardiac tissue. This approach maximized the recapitulation of early developmental events, 
offering a powerful model to study NCC-driven heart development and its associated processes. 
Neural crest cells are a multipotent population contributing to the development of various tissues and organs, 
and their incorporation into organoid models has been explored in several studies. The feasibility of NCC 
incorporation and supporting their development within appropriate tissue contexts was previously 
demonstrated in human intestinal organoids, where NCCs contributed to the formation of an enteric nervous 
system147. Another study integrated NCCs derived from neuroepithelial progenitors within the neuro-
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mesodermal interface, further illustrating their developmental potential and interaction with surrounding 
tissues148. Both studies highlighted the critical interactions between migrating, differentiating NCCs and the 
tissues they inhabit. In the human neural crest heart assembloids presented here, NCCs predominantly 
colocalized with cardiomyocytes, forming electromechanical couplings. Cardiac function relies on the 
coordination between neuronal cells and cardiac pacemaker cells, a relationship established during embryonic 
development96,108,149,150.  Numerous in vitro and in vivo models have demonstrated the formation of neuro-
cardiac junctions, where neurons regulate cardiomyocyte function, including beating rate and cardiac 
maturation151-159. In the hNCHAs described here, neurites from neuronal NCC derivatives closely associated 
with sinoatrial node cardiomyocytes formed functional synaptic neuro-cardiac junctions and also increased the 
number of atrioventricular node cells, emphasizing the functional relevance of NCC integration in modeling 
early human cardiac development. 
It has been shown that NCCs promote the maturation of the cardiac conduction system, while NCC ablation 
results in delayed maturation160. A detailed analysis of gene expression and activated processes revealed a 
highly fine-tuned and molecularly interactive system, wherein the presence of NCCs, pacemaker 
cardiomyocytes activate axon guidance gene programs, facilitating the development of a growing neuronal 
network. Simultaneously, neuronal derivatives of NCCs express both receptors and ligands involved in axon 
guidance pathways, thereby promoting further neuronal network expansion in close collaboration with 
conductive cardiomyocytes. Acetylcholine, the primary neurotransmitter of the intrinsic cardiac nervous system, 
acts through the muscarinic M2 receptor, which is specific to the cardiovascular system161. hNCHAs exhibited 
a decreased beating rate, indicating acetylcholine's action on cardiac function. This was accompanied by 
increased expression of the M2 receptor (CHRM2) and other genes regulating the transcriptional response to 
acetylcholine. Additionally, the presence of NCC-derived neurons significantly influenced ventricular 
cardiomyocyte function, including an increase in action potential duration. This observation aligns with in vivo 
data showing depressed left ventricular function in mice with reduced cardiac acetylcholine release162. 
Conversely, chronic stimulation of parasympathetic activity has been shown to improve left ventricular function 
in patients with heart failure163,164. Notably, while NCC derivatives closely interacted with cardiomyocytes, we 
did not observe any direct contribution of NCCs to the cardiomyocyte population. This finding suggests 
possible interspecies differences in NCC specification and lineage potential165-167. 
Consistent with previous studies110,111,149,168, we identified NCCs with gliagenic characteristics in hNCHAs. 
These cells were characterized by a neurite-enveloping morphology and the expression of the major glial 
marker S100B at both transcriptional and protein levels. While little is known about the supporting cells of the 
cardiac parasympathetic nervous system, existing evidence suggests that glial progenitors migrate alongside 
growing nerves. Neuronal-glial interactions are critical for glial cell survival, and, in turn, glial cells promote 
axonal growth and guidance169. They achieve this by releasing trophic factors, contributing to the extracellular 
matrix, bundling axons, and playing a pivotal role in response to cardiac tissue damage149,170,171. In hNCHAs, 
we observed the activation of transcriptional programs and processes associated with early gliagenesis, which 
persisted throughout development. These glial-like cells likely play an active role in regulating the growth and 
distribution of cholinergic neurons, mimicking their developmental functions in the embryonic heart. 
Interestingly, NCCs migrating to form the enteric nervous system in engineered intestinal tissue have also 
been shown to differentiate into both neuronal and glial structures147. This suggests that NCCs in hNCHAs 
exhibit conserved behaviors across distinct tissues, reflecting their roles in vivo. 
The outflow tract (OFT) develops from the heart tube, with NCCs serving as a major extracardiac source of 
mesenchyme. NCCs contribute to the formation of the outflow septum and valvular cushions, playing a critical 
role in orchestrating proper OFT patterning29,172.  Migrating NCCs populate the developing OFT, which is 
formed by the second heart field, and give rise to two condensed columns of mesenchymal cells that elongate 
to form the aorta and pulmonary trunk33. In Day 29 hNCHAs, after 12 days of NCC migration through the heart 
assembloids, transcriptional analysis revealed two distinct NCC populations. One of these populations 
colocalized with OFT mesenchymal progenitors (Figure 2A; E). NCCs exhibited a strong commitment to the 
mesenchymal lineage, characterized by the expression of markers associated with mesenchymal specification, 
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early OFT development, and valve interstitial cells. Gene ontology analysis highlighted the activation of 
processes related to aortic valve morphogenesis. Additionally, NCCs in hNCHAs expressed markers of smooth 
muscle cells, consistent with their known contribution to the formation of the tunica media in great arteries, 
including the aorta and aortic arch173. These findings underscore the essential role of NCCs in OFT 
development and the structural organization of the embryonic heart. The NCC origin of all described cell 
populations was confirmed by constitutive mCherry expression. The human heart assembloids with neural 
crest cells presented here closely replicate findings from in vivo studies, demonstrating that parasympathetic 
neurons, glial cells, valves, and the mesenchymal components of the OFT are all derived from the same NCC 
population60,63,159. However, the mechanisms regulating NCC specification toward neuronal or mesenchymal 
fates remain unclear. 
The safety of selective serotonin reuptake inhibitor (SSRIs) use during pregnancy is a critical clinical concern40. 
SSRIs modulate serotonin levels, which play a key role in various aspects of cardiac development, including 
the patterning of cardiac progenitor cells174, the lengthening of the outflow tract mediated by signals from 
neural crest cells175-177, endocardial cushion formation39,174, and myocardial cell development38,178,179. 
Congenital heart defects associated with prenatal SSRI exposure often involve cardiac structures that rely on 
NCC contributions41,126. Characterization of heart assembloids with NCCs differentiated in the presence of 
SSRIs revealed early disruptions in the key transcriptional regulator PHOX2B, leading to impaired NCC 
development along neuronal and glial lineages. This disruption had functional consequences, as heart 
assembloids with NCCs exposed to Paroxetine and Sertraline – two widely used antidepressants – exhibited 
an increased beating rate, indicating abnormal differentiation and functionality of parasympathetic neurons and 
glial cells. These findings provide critical evidence of the potential deleterious effects of SSRI use during the 
first trimester, a period when the fetal heart undergoes crucial developmental processes. 
In conclusion, this study developed the first molecularly and functionally relevant in vitro model that accurately 
recapitulates neural crest contributions to early human heart development. We demonstrated a remarkable 
similarity between the developmental trajectories of NCCs in heart assembloids and their counterparts in vivo. 
Notably, we are the first to report the formation of NCC-derived functional parasympathetic innervation, 
supported by mature glial cells, in a 3D model of human heart development. New NCC-derived mesenchymal 
populations add significant cellular complexity to the in vitro heart tissue, advancing the development of a 
model that closely mimics a fully formed outflow tract. Finally, the complexity and physiological relevance of the 
established model enabled us to replicate the abnormal development of neural crest-derived cardiac structures 
triggered by SSRIs in the maternal environment. These findings underscore the exceptional utility of the 
hNCHA-based platform for drug screening and investigating the mechanisms underlying NCC-related 
congenital heart diseases. 
 
Limitations of the study 
Despite their sophisticated complexity and functionality, hNCHAs have several limitations. At their current 
stage of development, hNCHAs do not replicate the heart looping and complete maturation of the outflow tract. 
While cardiac NCCs, as a subset of vagal NCCs, contribute to parasympathetic innervation, trunk NCCs – 
which are essential for forming cardiac sympathetic innervation – are absent. Additionally, crucial physiological 
factors such as blood flow and mechanical strain are lacking. Furthermore, interactions with other cell types 
and tissues, such as those of endodermal origin, are necessary to provide critical signals for proper cardiac 
morphogenesis. Nonetheless, hNCHAs offer a promising platform to enhance complexity by integrating 
essential cell types. Future advancements could involve the incorporation of immune cells27 and endodermal 
progenitors17,22,180 into heart assembloids with neural crest cells. At this stage, hNCHAs hold significant 
promise for advancing our understanding of early NCC migration and specification under both healthy and 
disease conditions. 
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METHODS 
Stem cell culture 
The following human induced pluripotent stem cell (hiPSC) lines were used in this study: hiPSC-L1 (male, 
iPSCORE), hiPSC-L1-mCherry, and hiPSC-L1-GCaMP6f. Cells were maintained in Essential 8 Flex medium 
supplemented with 1% penicillin-streptomycin (Gibco) on growth factor-reduced Matrigel (Corning) in 6-well 
plates, incubated at 37°C with 5% CO₂. Routine analyses were performed to confirm pluripotency, karyotype 
integrity, and the absence of mycoplasma contamination. hiPSCs were regularly passaged using ReLeSR 
passaging reagent (STEMCELL Technologies) when they reached 60–80% confluency. 
 
Neural crest cells differentiation 
hiPSC-L1-mCherry cells were differentiated into neural crest cells as previously described44. Briefly, hiPSC-L1-
mCherry cells were seeded at a density of 15,000 cells per cm² on Matrigel-coated 6-well plates in Essential 6 
medium supplemented with 1% penicillin-streptomycin and containing 2 μM ROCK inhibitor (Thiazovivin, 
Millipore Sigma). After 24 hours, the medium was replaced with NCC differentiation medium containing 
Essential 6 medium, 1% penicillin-streptomycin, N-2 supplement (Gibco), 1 μM CHIR99021, and 10 μM 
SB431542. The differentiation medium was changed daily. On Day 7, the cultures were detached using 
Accutase (Innovative Cell Technologies) and used for integration into human heart organoids.  
To analyze migratory capacity, neural crest cells were seeded at a density of 10,000 cells per well in round-
bottom, ultra-low attachment 96-well plates (Costar) in a volume of 100 μL. The plate was centrifuged at 100 g 
for 3 minutes and incubated at 37°C with 5% CO₂. After 24 hours, neural crest cells aggregates were 
transferred to Matrigel-coated 6-well plates using wide-bore tips at a density of 10 aggregates per well in 
maintenance medium consisting of DMEM/F12, N-2 supplement, and 1% penicillin-streptomycin. The plates 
were incubated at 37°C with 5% CO₂ and monitored daily for evidence of migrating neural crest cells. 
 
Human heart organoid differentiation 
Self-assembling human heart organoids were generated as detailed in previous protocols15,181. Briefly, hiPSC-
L1 cells were detached using Accutase and dissociated into a single-cell suspension. The cells were collected 
and centrifuged at 300 g for 5 minutes, and the pellet was resuspended in 1 mL of Essential 8 Flex medium 
supplemented with 2 μM ROCK inhibitor (Thiazovivin). The hiPSCs were counted using a Moxi cell counter 
(Orflo Technologies) and seeded at a density of 10,000 cells per well in round-bottom, ultra-low attachment 96-
well plates (Costar) in a volume of 100 μL. The plate was centrifuged at 100 g for 3 minutes and incubated 
undisturbed at 37°C with 5% CO₂. After 24 hours, 50 μL of medium in each well was replaced with 200 μL of 
fresh Essential 8 Flex medium, and the plate was returned to the incubator. After another 24 hours, 166 μL of 
medium in each well was replaced with differentiation medium consisting of RPMI medium with B27 
supplement minus insulin (Gibco) (hereafter termed RPMI/B27 minus insulin), 1% penicillin-streptomycin 
(Gibco), 6 μM CHIR99021, 1.875 μg/mL BMP4, and 1.5 μg/mL Activin A. The plate was incubated at 37°C with 
5% CO₂. Exactly 24 hours later, 166 μL of medium in each well was replaced with fresh RPMI/B27 minus 
insulin. After another 24 hours, 166 μL of medium was replaced with RPMI/B27 minus insulin containing 3 μM 
Wnt-C59 (Selleck). After 48 hours, 166 μL of medium was replaced with fresh RPMI/B27 minus insulin. 
Another 48 hours later, 166 μL of medium was replaced with RPMI medium with B27 supplement with insulin 
(hereafter termed RPMI/B27) and 1% penicillin-streptomycin. After an additional 24 hours, 166 μL of medium 
in each well was replaced with RPMI/B27 containing 3 μM CHIR99021. The plate was incubated for 1 hour, 
followed by replacement of 166 μL of medium with fresh RPMI/B27. From Day 9 to Day 17, human heart 
organoids were maintained in RPMI/B27, with 166 μL of medium replaced with fresh RPMI/B27 every 48 
hours. 
 
Generation of hNCHAs 
Two days prior to integration (Day -2), NCCs were resuspended in maintenance medium composed of 
DMEM/F12 (Gibco), N-2 supplement, 1% penicillin-streptomycin, and 2 µM ROCK inhibitor (Thiazovivin). A 
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total of 2,000 cells per well were seeded into a v-bottom ultra-low attachment 96-well plate at a volume of 100 
µL per well. The plate was centrifuged at 100 g for 3 minutes and incubated at 37°C with 5% CO₂. After 24 
hours (Day -1), 50 µL of medium was carefully removed from each well, and 100 µL of fresh maintenance 
medium was added, bringing the final volume to 150 µL per well. The plate was then returned to the incubator 
for an additional 24 hours. On Day 0, 120 µL of medium was removed from each well and replaced with 120 µL 
of RPMI/B27 medium. hHOs at Day 17 were transferred into the v-bottom plate containing NCCs using wide-
bore pipette tips to minimize disruption of the organoids. The plate was returned to the incubator and cultured 
undisturbed for 48 hours. Subsequently, 120 µL of RPMI/B27 medium was refreshed every 48 hours. Starting 
on Day 20 (three days after integration), hNCHAs were cultured in enhanced maturation medium 2/1, as 
previously described19. After Day 30, the hNCHAs were maintained in EMM1 medium until they were ready for 
analysis. 
 
hHO and hNCHA dissociation 
hHOs and hNCHAs were collected individually into separate tubes and washed with PBS. Cardiomyocyte 
Isolation Enzyme 2 (Thermo) was diluted at a 1:1000 ratio into Cardiomyocyte Dissociation Medium 
(STEMCELL Technologies), and the mixture was pre-warmed to 37°C before use. A total of 200 µL of TrypLE 
(Gibco) was added to each hHO/hNCHA and incubated on a thermocycler at 300 RPM and 37°C for 7 
minutes. After incubation, the TrypLE was collected and transferred to RPMI/B27 medium containing 2% BSA 
(w/v). Next, 200 µL of the pre-warmed Cardiomyocyte Dissociation Medium with Enzyme 2 was added to the 
hHO/hNCHA and incubated under the same conditions (300 RPM, 37°C, for 7 minutes). This step was 
repeated 5–6 times or until the hHO/hNCHA was fully dissociated and no longer visible. The dissociated cells 
in RPMI/B27 + 2% BSA were filtered through a 50 µm filter and centrifuged at 300 g for 7 minutes. The 
resulting cell pellet was resuspended in a smaller volume of RPMI/B27 + 2% BSA, filtered again through a 50 
µm filter, and proceeded with scRNA-seq library preparation. Day 29 and Day 43 hHOs/hNCHAs were 
analyzed by scRNA-seq. Control NCCs (NCCs before integration) were dissociated into a single-cell 
suspension using Accutase, filtered through a 50 µm filter and pooled with Day 29 hHOs sample at 10%. 
Subsequently, this population was isolated from Day 29 hHOs sample based on mCherry presence during 
bioinformatic analysis.    
 
Single-cell RNA sequencing 
Libraries were prepared using the 10x Chromium Next GEM Single Cell 3' Kit, v3.1 and associated 
components. Libraries were pooled in equimolar proportions, then loaded onto 1 lane of an Illumina NovaSeq 
6000 S4 flow cell (v1.5). The sequencing was performed in a 2x150bp paired end format using 300 NovaSeq 
v1.5 reagent cartridge. The counts matrix was generated using 10x Cell Ranger (v7.1.1) with the Ensemble 
Homo sapiens GRCh38.110 genome as the reference. To maximize read mapping for the mCherry marker 
transgene, a 3030 bp sequence, spanning from the Kozak sequence upstream of mCherry to the SV40 early 
pA, was excised from the pLV[Exp]-Puro-EF1A>mCherry plasmid sequence 
(https://en.vectorbuilder.com/vector/VB010000-9485zvg.html). This custom sequence was incorporated into 
the reference genome following 10x Genomics guidelines. As a result, 30% more reads were mapped to the 
transgene compared to using the mCherry CDS alone. The data were then converted into Seurat (v5.0.2) 
objects by sample182. To retain control NCCs (before integration) from Day 29 hHOs sample the cells 
containing the mCherry transgene sequence were first isolated into a separate object. The quality filtering was 
performed using the following criteria: nFeature_RNA: 2000–7500, nCount_RNA: 1500–40,000, percent_mito: 
<15%. Subsequently, Seurat objects were merged and integrated by sample using the RPCA method within 
Seurat. The Louvain algorithm (Seurat-integrated) was used to generate the UMAP. For integration with data 
from Farah et al.55, SCT transform and Harmony (v0.1, Broad) were employed183. Throughout the workflow, 
auxiliary functions from the scCustomise package (doi:10.5281/zenodo.5706430) were utilized at various 
stages. Differential expression gene analysis and pathway enrichment analysis were performed as previously 
described16. Log₂fold change values and p-values are provided in Supplementary Table 4. Function 
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AddModuleScore from Seurat was used to calculate module scores for enriched pathways. For mRNA velocity 
analysis, Velocyto184 was used to generate initial outputs, which were then converted into Scanpy AnnData 
objects. Secondary analyses and visualizations were performed using scvelo185. Permutation testing to 
determine the significance of proportional difference in cell populations was calculated using the tool 
scProportionTest186. 
 
Total RNA extraction and qRT-PCR 
hHOs and hNCHAs were collected in Eppendorf tubes and washed with PBS. Total RNA was extracted using 
the Qiagen RNeasy Mini Kit, following the manufacturer’s instructions. RNA concentration was measured using 
the Qubit 4 Fluorometer with the RNA High Sensitivity Assay Kit (Thermo Fisher Scientific). cDNA was 
synthesized using the Qiagen QuantiTect Reverse Transcription Kit. Primers for qRT-PCR were designed 
using the Primer-BLAST tool. qRT-PCR reactions were performed using the Qiagen QuantiTect SYBR Green 
PCR Kit on a QuantStudio 5 Real-Time PCR System (Applied Biosystems). Gene expression levels were 
normalized to HPRT1, and fold change values were calculated using the 2^−ΔΔCT method. Primer sequences 
are provided in Supplementary Table 1. 
 
Immunofluorescence staining 
hHOs and hNCHAs were prepared for confocal microscopy as previously described187. Briefly, the samples 
were fixed in 4% paraformaldehyde, then washed in PBS containing 20 mM glycine. Following this, the 
samples were incubated overnight at 4°C in a blocking and permeabilization solution on a thermal mixer. The 
next day, hHOs/hNCHAs were incubated with primary antibodies in antibody solution on a thermal mixer at 4°C 
for 24 hours. Subsequently, the samples were incubated with secondary antibodies under the same conditions 
for 24 hours in the dark. Finally, the hHOs/hNCHAs were mounted on glass slides using a mounting-clearing 
medium composed of 60% (vol/vol) glycerol and 2.5 M fructose. Antibodies are provided in Supplementary 
Table 2. 
 
Confocal microscopy and image analysis 
Immunofluorescence images were acquired using a Nikon Instruments A1 Confocal Laser Microscope, and 
image analysis was performed with Fiji (https://imagej.net/Fiji). Several images in the merged channels do not 
include TNNT2 staining to improve visual clarity. To quantify mCherry+, NEFM+, and DAPI+ areas, the auto-
threshold function in Fiji was applied, and the areas were measured and expressed as a percentage of the 
total DAPI+ area in the corresponding graphs. For colocalization analysis, Pearson’s correlation coefficient was 
calculated using the JaCOP colocalization plugin in Fiji. 
 
Live imaging for membrane potential and calcium transients analysis 
Changes in membrane potential were visualized using the FluoVolt Membrane Potential Kit (Thermo). Day 45 
hHOs/hNCHAs were loaded with a voltage-sensitive fluorescent probe according to the manufacturer’s 
instructions. Live-cell imaging videos were recorded for 20 seconds at a frame rate of 104 frames per second 
using a super-resolution microscope (Olympus CellVivo). NCCs were differentiated from hiPSC-L1-GCaMP6f. 
To rapidly elevate intracellular calcium levels, the cells were treated with 5 µM Ionomycin (STEMCELL 
Technologies). hHOs were generated from hiPSC-L1, and NCC-GCaMP6f cells were integrated into the hHOs 
to create hNCHAs. Calcium transients were observed in Day 60 hNCHAs through live imaging using Olympus 
CellVivo. Recordings were captured over 40 seconds at a frame rate of 104 frames per second. Membrane 
potential and calcium transients data were analyzed using Fiji, and fluorescence values were expressed as 
∆F/F0. 
 
Exposure to SSRIs 
NCCs were differentiated for 7 days following the described protocol. SSRIs were added daily, starting on Day 
0, during each differentiation media change. The concentrations of SSRIs used were as follows: Paroxetine 
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(0.055 µM; 0.2 µM), Venlafaxine (0.35 µM; 1.5 µM), Sertraline (0.1 µM; 0.45 µM), Citalopram (0.245 µM; 1 
µM), Fluoxetine (0.3 µM; 0.9 µM), Escitalopram (0.05 µM; 0.1 µM), Fluvoxamine (0.25 µM; 1.5 µM). The higher 
concentrations of SSRIs were used for analyzing beating rate, gene expression in hNCHAs, and 
immunofluorescence. 
 
Analysis of acetylcholine effect 
Day 45 hHOs/hNCHAs were treated with muscarinic acetylcholine receptor antagonists (1 µM Atropine, 1 µM 
Glycopyrrolate, 1 µM Scopolamine, and 1 µM Tiotropium) or a competitive inhibitor of the high-affinity choline 
transporter, 10 µM Hemicholinium 3, for 1 hour. Live videos were recorded before and after treatment to 
assess changes in the beating rate. 
 
Live imaging and beating rate analysis 
Fluorescence and phase-contrast live images of hNCHAs were acquired using the CellVoyager CQ1 Benchtop 
High-Content Analysis System (Yokogawa). Phase-contrast live videos were recorded using an inverted 
Thunder Microscope (Leica) at a frame rate of at least 15 frames per second. The beat rate was calculated by 
counting the total number of beats observed in each 1-minute video. 
  
Statistical analysis 
All analyses were performed using GraphPad Prism 10 software. Statistical significance was assessed using 
either an unpaired Student’s t-test or one-way ANOVA, depending on the experimental design. Differences 
were considered statistically significant at p < 0.05. Data are presented as the mean ± SD and are derived 
from a minimum of three independent experiments. 
 
Data availability 
scRNA-seq data has been deposited in the National Center for Biotechnology Information Gene Expression 
Omnibus repository under accession number GSE280777. The organoid Bulk RNA-Sequencing dataset used 
in this study is available under accession code GSE153185. The organoid scRNA-seq datasets used in this 
study are available under accession codes GSE218582 and GSE201343. scRNA-seq dataset of human 
embryonic heart used in this study for integration is available from dbGAP under accession number 
phs002031. All data generated or analyzed in this study are provided in the published article and its 
supplementary information files or can be obtained from the corresponding author upon request. 
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FIGURE LEGENDS 

 
Figure 1 
(A) A schematic representation of the protocol for creating human neural crest heart assembloids (hNCHAs). 
(B) Brightfield (BF) and fluorescent images of neural crest cells with stable mCherry expression (mCherry-
NCCs) (top) and human neural crest heart assembloids (hNCHAs) (bottom). Three representative wells are 
shown. 
(C) Representative immunofluorescence images of four Day 30 hNCHAs displaying mCherry-NCCs (grey), 
cardiomyocyte marker TNNT2 (red) and the nuclear marker DAPI (blue); Scale bar = 100 mm. 
(D) High magnification images of three hNCHAs displaying mCherry-NCCs (grey), cardiomyocyte marker 
TNNT2 (red) and the nuclear marker DAPI (blue); scale bar = 10 mm. Scale bar = 10 mm (top row) and 5 mm 
(middle, bottom rows). 
(E) Representative immunofluorescence images of three Day 30 hNCHAs displaying mCherry-NCCs (grey), 
epicardial marker WT1 (green) and the nuclear marker DAPI (blue); Scale bar = 100 mm. 
(F) Quantification of colocalization (Pearson’s coefficient) between NCCs (mCherry) and cardiomyocytes 
(TNNT2) or epicardial cells (WT1) respectively measured by image analysis; n = 19 for TNNT2, n = 15 for 
WT1. Values = mean ± SD, unpaired t test. 
(G) Quantification of mCherry+ area in Day 30 and Day 45 hNCHAs measured by image analysis; n = 24. 
Values are presented as a percentage of DAPI+ area. Values = mean ± SD, unpaired t test. 
(H) Representative immunofluorescence images of three Day 30 hNCHAs displaying mCherry-NCCs (grey), 
marker of migrating NCCs TWIST1 (green) and the nuclear marker DAPI (blue). Scale bar = 100 mm. 
 
Figure 2 
(A) Uniform manifold approximation and projection (UMAP) plots of single-cell RNA sequencing data for Day 
29 hHOs and Day 29 hNCHAs. Cluster identities are in the legend below. 
(B) Dot plot displaying representative marker genes across cell clusters. Dot size is proportional to the 
percentage of cells in the cluster expressing specific genes. Color intensity indicates average expression. 
(C) UMAP plots of integrated hNCHA dataset (right) and 9 PCW human embryonic heart dataset (left). The 
color corresponds to clusters identified for hNCHAs (right UMAP) or taken from the respective publication (left 
UMAP). 
(D) (E) (F) Dot plots depicting genes specific to cardiac NCCs (D), early NCC development (E) and NCC 
differentiation (F) and differentially expressed in NCC cluster of Day 29 hNCHAs and Day 43 hNCHAs versus 
NCCs before migration. Dot size is proportional to percentage of cells expressing specific genes. Color 
intensity indicates average expression (p-value<0.05). 
(G) Lollipop plots displaying top upregulated processes in NCCs of Day 29 hNCHAs versus NCCs before 
migration. GO – Gene Ontology; BP – Biological Process.  
(H) (I) Pathway enrichment analysis in NCC cluster of Day 29 hNCHAs versus NCCs before migration. Violin 
plots depicting cells per sample by gene set module score. Enrichment plots of pathway-related gene sets 
overrepresented in NCC cluster of Day 29 hNCHAs versus NCCs before migration. NES, enrichment score 
normalized to mean enrichment of random samples of the same size (value represents the enrichment score 
after normalization). 
 
Figure 3 
(A) Relative differences in cell proportion for each cluster in Day 43 hNCHAs versus Day 43 hHOs. Clusters 
colored red have a false discovery rate <0.05 and mean |log2 fold enrichment| > 0.38 (permutation test; n = 
10,000). 
(B) A principal component analysis (PCA) plot illustrates the distinct clustering of the AVN cardiomyocyte 
population based on the expression of genes linked to axon guidance (GO:0007411; GO:1902667) and the 
glutamatergic receptor signaling pathway (GO:0007215; GO:0035249). 
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(C) Dot plot depicting genes associated with axon guidance (according to GO:0007411; GO:1902667) and 
glutamatergic receptor signaling pathway (according to GO:0007215; GO:0035249) and differentially 
expressed in AVN cluster versus all other cardiomyocyte clusters. Dot size is proportional to percentage of 
cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(D) Dot plot depicting genes specific to atrioventricular node and differentially expressed in AVN cluster versus 
all other cardiomyocyte clusters. Dot size is proportional to percentage of cells expressing specific genes. 
Color intensity indicates average expression (p-value<0.05). 
(E) RNA velocity analysis reveals a specification of mesenchymal populations. The direction of the arrow 
reflects the direction of cellular state changes.   
(F) PCA plot illustrates the distinct clustering of the mesenchymal populations based on the expression of key 
epicardial genes WT1, TCF21 and TBX18.  
(G) Dot plots depicting differently upregulated OFT genes in OFT cluster of hNCHAs versus hHOs. Dot size is 
proportional to the percentage of cells expressing specific genes. Color intensity indicates average expression 
(p-value<0.05).  
(H) Lollipop plots displaying top upregulated processes in OFT cluster of Day 29 hNCHAs versus Day 29 
hHOs. GO – Gene Ontology; BP – Biological Process. 
(I) Dot plot depicting genes specific to mesenchymal cell differentiation and differentially expressed in NCC 
cluster of Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the 
percentage of cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(J) Dot plot depicting genes associated with OFT morphogenesis (according to GO:0003151) and differentially 
expressed in NCC cluster of Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is 
proportional to the percentage of cells expressing specific genes. Color intensity indicates average expression 
(p-value<0.05). 
(K) Dot plot depicting additional genes associated with OFT development and differentially expressed in NCC 
cluster of Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the 
percentage of cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(L) Pathway enrichment analysis in NCC cluster of Day 29 hNCHAs versus NCCs before migration. Violin plots 
depicting cells per sample by gene set module score. Enrichment plots of pathway-related gene sets 
overrepresented in NCC cluster of Day 29 hNCHAs versus NCCs before migration. NES, enrichment score 
normalized to mean enrichment of random samples of the same size (value represents the enrichment score 
after normalization). 
 
Figure 4 
(A) Representative immunofluorescence images of three Day 30 hNCHAs displaying mCherry-NCCs (grey), 
neuronal marker Neurofilament-160 (NEFM, green), cardiomyocyte marker TNNT2 (red) and the nuclear 
marker DAPI (blue); Scale bar = 100 mm. 
(B) Representative immunofluorescence images of three Day 45 hNCHAs displaying mCherry-NCCs (grey), 
neuronal marker Neurofilament-160 (NEFM, green), cardiomyocyte marker TNNT2 (red) and the nuclear 
marker DAPI (blue); Scale bar = 100 mm. 
(C) Representative immunofluorescence images of three Day 30 hNCHAs displaying mCherry-NCCs (grey), 
neuronal marker Peripherin (PRPH, green), cardiomyocyte marker TNNT2 (red) and the nuclear marker DAPI 
(blue); Scale bar = 10 mm. 
(D) Representative immunofluorescence images of three Day 30 hNCHAs displaying mCherry-NCCs (red), 
neuronal marker class III b-tubulin (TUBB3, green) and the nuclear marker DAPI (blue); Scale bar = 100 mm. 
(E) Heatmap depicting normalized log2 fold change for neuronal filament genes in NCC cluster of Day 29 
hNCHAs and Day 43 hNCHAs versus NCCs before migration. Red correlates to maximum relative expression 
and blue correlates to minimum relative expression (p-value<0.05). 
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(F) Dot plot depicting genes involved in neuronal development and differentially expressed in NCC cluster of 
Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the 
percentage of cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(G) Dot plot depicting genes associated with parasympathetic nervous system development according to 
GO:0048486 and differentially expressed in NCC cluster of Day 29 hNCHAs and Day 43 hNCHAs versus 
NCCs before migration. Dot size is proportional to the percentage of cells expressing specific genes. Color 
intensity indicates average expression (p-value<0.05). 
(H) Representative immunofluorescence images of three Day 30 hNCHAs displaying mCherry-NCCs (grey), 
vascular acetylcholine transporter (VAChT, SLC18A3, green), cardiomyocyte marker TNNT2 (red) and the 
nuclear marker DAPI (blue); Scale bar = 10 mm. 
(I) High magnification image of Day 30 hNCHAs displaying mCherry-NCCs (grey), vascular acetylcholine 
transporter (VAChT, SLC18A3, green) and the nuclear marker DAPI (blue); Scale bar = 10 mm. 
(J) (K) Representative high magnification immunofluorescence images of Day 60 hNCHAs, Day 70 hNCHAs 
and Day 90 hNCHAs displaying mCherry-NCCs (grey), parasympathetic neuronal marker choline 
acetyltransferase (CHAT, green) and the nuclear marker DAPI (blue); Scale bar = 10 mm. 
(L) (M) Representative high magnification immunofluorescence images of Day 30 hNCHAs displaying 
mCherry-NCCs (grey), Synapsin I (SYN1, green) and the nuclear marker DAPI (blue); Scale bar = 10 mm and 
5 mm (top). 
(N) Dot plot depicting genes involved in synapse assembly and differentially expressed in NCC cluster of Day 
29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the percentage of 
cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(O) Pathway enrichment analysis in NCC cluster of Day 29 hNCHAs versus NCCs before migration. Violin 
plots depicting cells per sample by gene set module score. Enrichment plots of pathway-related gene sets 
overrepresented in NCC cluster of Day 29 hNCHAs versus NCCs before migration. NES, enrichment score 
normalized to mean enrichment of random samples of the same size (value represents the enrichment score 
after normalization). 
 
Figure 5 
(A) Representative immunofluorescence images of three Day 45 hNCHAs displaying mCherry-NCCs (red), 
sinoatrial node marker VSNL1 (green) and the nuclear marker DAPI (blue); Scale bar = 100 mm. 
(B) Representative high magnification immunofluorescence images of three Day 45 hNCHAs displaying 
mCherry-NCCs (red), sinoatrial node marker VSNL1 (green), cardiomyocyte marker TNNT2 (grey) and the 
nuclear marker DAPI (blue); Scale bar = 20 mm. 
(C) Dot plot depicting expression on NGF in cardiomyocyte populations of hNCHAs. Dot size is proportional to 
the percentage of cells expressing specific genes. Color intensity indicates average expression. 
(D) Dot plot depicting axon guidance genes differentially expressed in SAN cluster of Day 43 hNCHAs versus 
Day 43 hHOs. Dot size is proportional to the percentage of cells expressing specific genes. Color intensity 
indicates average expression (p-value<0.05). 
(E) Lollipop plots displaying top upregulated processes in sinoatrial node cardiomyocytes of Day 43 hNCHAs 
versus Day 43 hHOs. GO – Gene Ontology; BP – Biological Process; CC – Cellular Component.  
(F) Quantification of beats per minute in Day 45 hHOs and Day 45 hNCHAs; n = 15. Values = mean ± SD, 
unpaired t test. 
(G) Representative FluoVolt traces of Day 45 hHOs and Day 45 hNCHAs depicting ventricular-, atrial-, and 
nodal-like potentials. Traces represent data from an individual cardiomyocyte within hHOs and hNCHAs; n = 
16. 
(H) Dot plot depicting genes related to response to acetylcholine (according to GO:1905144) and differentially 
expressed in cardiomyocyte clusters of Day 43 hNCHAs versus same clusters in Day 43 hHOs. Dot size is 
proportional to the percentage of cells expressing specific genes. Color intensity indicates average expression 
(p-value<0.05). 
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(I) Quantification of beats per minute of hHOs and hNCHAs after 1 hour treatment with 1 mM Atropine, 1 mM 
Glycopyrrolate, 1 mM Scopolamine, 1 mM Tiotropium, 10 mM Hemicolinium-3; n ³ 25 (Atropine and 
Hemicholinnium-3) and n ³ 15 (Glycopyrrolate, Scopolamine, Tiotropium). Beats per minute are normalized to 
the individual basal beating rate (before treatment). Values = mean and all individual data points; unpaired t 
test.     
(J) Live imaging of calcium transients in GCaMP6f-NCC derivatives depicting neural activity in Day 60 
hNCHAs. Snapshot from a 40-sec time-lapse video is shown (see Supplementary Video 10). White frames 
point to fragments whose pixel intensity was measured. Numbers in snapshot correspond to numbered traces 
in the graphs (K). 
(K) The graphs representing calcium traces in hNCHAs with GCaMP6f-NCCs. 
 
Figure 6 
(A) Representative immunofluorescence images of Day 30 hNCHAs displaying mCherry-NCCs (grey), glial 
marker (S100B, green), cardiomyocyte marker TNNT2 (red) and the nuclear marker DAPI (blue); Scale bar = 
10 mm. 
(B) Representative high magnification immunofluorescence images of Day 30 hNCHAs displaying mCherry-
NCCs (red), glial marker (S100B, green) and the nuclear marker DAPI (blue); Scale bar = 10 mm. 
(C) Pathway enrichment analysis in NCC cluster of Day 29 hNCHAs versus NCCs before migration. Violin 
plots depicting cells per sample by gene set module score. Enrichment plots of pathway-related gene sets 
overrepresented in NCC cluster of Day 29 hNCHAs versus NCCs before migration. NES, enrichment score 
normalized to mean enrichment of random samples of the same size (value represents the enrichment score 
after normalization). 
(D) Dot plot depicting genes involved in glial cells development and differentially expressed in NCC cluster of 
Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the 
percentage of cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(E) Representative immunofluorescence images of Day 30 hNCHAs displaying mCherry-NCCs (grey), glial 
marker (S100B, green), neuronal marker Peripherin (PRPH, red) and the nuclear marker DAPI (blue); Scale 
bar = 10 mm and 5 mm (bottom). 
(F) Representative immunofluorescence images of Day 30 hNCHAs displaying mCherry-NCCs (grey), glial 
marker (S100B, green), neuronal marker class III b-tubulin (TUBB3, red) and the nuclear marker DAPI (blue); 
Scale bar = 10 mm and 5 mm (bottom). 
(G) Representative immunofluorescence images of Day 30 hNCHAs displaying mCherry-NCCs (red), valve 
marker Msh Homeobox 1 (MSX1, green) and the nuclear marker DAPI (blue); Scale bar = 20 mm. 
(H) Representative immunofluorescence images of Day 30 hNCHAs displaying mCherry-NCCs (red), valve 
marker Collagen 1A1 (COL1A1, green) and the nuclear marker DAPI (blue); Scale bar = 20 mm. 
(I) Dot plot depicting genes involved in valvular cuchions development and differentially expressed in NCC 
cluster of Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the 
percentage of cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(J) Dot plot depicting genes involved in valve interstitial cells development and differentially expressed in NCC 
cluster of Day 29 hNCHAs and Day 43 hNCHAs versus NCCs before migration. Dot size is proportional to the 
percentage of cells expressing specific genes. Color intensity indicates average expression (p-value<0.05). 
(K) Pathway enrichment analysis in NCC cluster of Day 29 hNCHAs versus NCCs before migration. Violin plots 
depicting cells per sample by gene set module score. Enrichment plots of pathway-related gene sets 
overrepresented in NCC cluster of Day 29 hNCHAs versus NCCs before migration. NES, enrichment score 
normalized to mean enrichment of random samples of the same size (value represents the enrichment score 
after normalization). 
 
Figure 7 
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(A) A schematic representation of the experimental design illustrating the use of hNCHAs to investigate the 
effects of early SSRI exposure on cardiac NCCs during heart development. 
(B) qRT-PCR gene expression analysis of PHOX2B in NCCs differentiated under exposure to SSRIs; n = 4. 
Values = mean ± SD. The triangle represents the low and high doses of a specific SSRI. 
(C) qRT-PCR gene expression analysis of markers of main NCC derivatives in Day 30 hNCHAs with healthy 
NCCs (C) and NCCs exposed to Paroxetine (PARO), Venlafaxine (VENLA) and Sertraline (SERT) during 
differentiation; n = 6. Values = mean ± SD. 
(D) Quantification of beats per minute in Day 30 hNCHAs with healthy NCCs (C) and NCCs exposed to SSRIs 
during differentiation; n ≥ 20. Values = mean ± SD, unpaired t test. 
(E) Representative immunofluorescence images of Day 30 hNCHAs with healthy NCCs (C) and NCCs 
exposed to SSRIs during differentiation displaying mCherry-NCCs (red), neuronal marker NEFM (green) and 
the nuclear marker DAPI (blue); Scale bar = 100 mm. 
(F) Representative high magnification immunofluorescence images of Day 30 hNCHAs with healthy NCCs (C) 
and NCCs exposed to SSRIs during differentiation displaying mCherry-NCCs (red), neuronal marker NEFM 
(green) and the nuclear marker DAPI (blue); Scale bar = 100 mm. 
(G) Quantification of mCherry+ area and NEFM+ area in Day 30 hNCHAs with healthy NCCs (C) and NCCs 
exposed to SSRIs during differentiation measured by image analysis; n = 6. Values are presented as a 
percentage of DAPI+ area (top, middle) and mCherry+ are (bottom). Values = mean ± SD, unpaired t test. 
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