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Preface 81 

 82 

As the field of neural organoids and assembloids rapidly expands, there is an emergent need 83 

for guidance and advice on designing, conducting and reporting experiments to increase the 84 

reproducibility and utility of these models. Here, our consortium– representing specialized 85 

laboratories from around the world– presents a framework for the experimental process that 86 

ranges from ensuring the quality and integrity of human pluripotent stem cells to characterizing 87 

and manipulating neural cells in vitro, and from transplantation techniques to considerations 88 

for modeling human development, evolution, and disease. As with all scientific endeavors, we 89 

advocate for rigorous experimental designs tailored to explicit scientific questions, and 90 

transparent methodologies and data sharing, to provide useful knowledge for both current 91 

research practices and for developing regulatory standards.  92 

 93 
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Introduction 110 

The field of stem cell-based modeling of human development, evolution and disease using 111 

organoids and assembloids has seen a tremendous surge in interest with more than 3,000 112 

articles published annually. Together with two-dimensional (2D) cellular models, these three-113 

dimensional (3D) preparations, whether utilized in vitro or in vivo after transplantation into 114 

animals, leverage the inherent self-organization capabilities of stem and progenitor cells to 115 

mimic aspects of physiology and hold the potential to reveal new human tissue biology and 116 

pathophysiology1. Their application for neuroscience is particularly welcomed as inaccessibility 117 

has limited the biological understanding of the human nervous system and the mechanisms 118 

underlying neurodevelopmental and neurodegenerative disorders. It is, however, becoming 119 

increasingly difficult to navigate the expanding literature and extract what are the experimental 120 

standards for building reliable 3D microphysiological systems, especially as in vitro studies are 121 

often not reported with sufficient experimental detail2. Importantly, these complex multi-cellular 122 

systems are maintained in long-term cultures (often for hundreds of days) and assessments 123 

require increasingly sophisticated assays that range from cellular -omics to functional assays 124 

and circuit-probing in vitro and in animals. Consequently, unlike experimental systems with 125 

faster turnaround and simpler readouts, adjustments based on successful or unsuccessful 126 

outcomes in a human cellular model are often delayed, which impacts experimental progress 127 

limiting reproducibility across laboratories. As numerous groups are implementing these multi-128 

cellular systems for development, evolution, or disease applications, and as funding, publishing 129 

and regulatory agencies become engaged, it is becoming increasingly important to outline 130 

critical experimental variables and challenges for this rapidly expanding field.  131 

Following a similar consortium effort to clarify nomenclature for the field1, we gathered a 132 

group of international researchers to outline an experimental framework that can apply to neural 133 

organoids, assembloids and their xeno-transplantation, to highlight some of the limitations and 134 

to delineate quality control measures and standards (Figure 1). This consensus arises from 135 

our experience in modeling the development, evolution, and diseases of the human nervous 136 

system. While we encourage methods development, we emphasize that experiments with 137 

these models should be thoughtfully designed to answer a specific scientific question as 138 

knowledge of the variables can also mitigate the cost of experiments. In other words, 139 

considering the variety of experimental models available, including 2D models, with their 140 

advantages and caveats, it is critical to match the experimental system to the question. 141 

Moreover, we underscore the need for transparency in sharing protocols and experimental 142 

details, including how quantifications were performed, and the requirements for depositing raw 143 

data in public databases.  144 

Quality control measures can vary widely based on experimental, translational or clinical 145 

goals. However, the variables we are describe here should offer sufficient guidance for tailoring 146 

experimental designs to a wide array of objectives and needs. We hope that this summary, 147 

derived from our collective experience will serve as a guidance to those in or entering this field, 148 

especially trainees, and ultimately will lead to more optimally designed studies. Lastly, we 149 

anticipate that this framework for the experimental process may have implications for regulatory 150 

agencies such as FDA, MHRA, EMA and PMDA relevant to developing therapeutics in an 151 

academic or industry setting, and that many of these guidelines will be relevant to both 2D 152 

cellular models and to 3D models of other organs.  153 

 154 

A foundational step: quality of hPS cells  155 

One of the most important considerations is the quality of the human pluripotent stem cell 156 

(encompassing embryonic and induced, hES or hiPS) lines used to derive neural and other cell 157 

lineages. These cells are not only prone to spontaneous differentiation and sensitive to cell 158 
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culture conditions and growth factors to maintain pluripotency, but each hiPS cell line can 159 

harbor hundreds to thousands of single nucleotide mutations, copy number variants and 160 

genomic/epigenomic changes. While some genomic variants can be acquired in culture even 161 

after relatively short periods (5–10 passages), others reflect somatic mutations inherited from 162 

founder cells3-6. Even hPS cell lines considered isogenic may not always be strictly isogenic 163 

and reprogramming itself can be mutagenic4. Therefore, it is crucial to confirm at the onset of 164 

obtaining and then regularly verify and report genome integrity status as well as to authenticate 165 

hPS cell lines as suggested by the International Society for Stem Cell Research (ISSCR) 166 

guidelines on stem cell research and modeling7. It is important to note that classic karyotyping 167 

methods or low-pass whole-genome sequencing (WGS) may lack the necessary resolution, 168 

and/or array-based DNA technologies, such as array-comparative genomic hybridization (array 169 

CGH) and single nucleotide polymorphism (SNP)-arrays are recommended. There is no 170 

consensus on a minimal number of de novo genetic events in a hPS cell line that warrants 171 

exclusion, and finding a genetic variant does not necessarily compromise the results as long 172 

as they are described in detail in the manuscript and unless they impact genes known to 173 

interfere with cellular function directly7. We also caution that erosion of X-chromosome 174 

inactivation and abnormal imprinting can impact the reliability of disease models8, particularly 175 

in female-derived cells where it can lead to abnormally high levels of gene expression from the 176 

normally inactive X chromosome 9. Crucially, experiments should be accompanied by detailed 177 

information on the cell lines used (including the sex, age, and ancestry background of the 178 

donor), the culture conditions, the range of passage numbers used, the genome integrity, and 179 

Mycoplasma contamination status following, for instance, the checklist recommendations by 180 

the ISSCR7. Moreover, hPS cell lines that are compared should be cultured under the same 181 

conditions. The use of control and patient cell lines that are not matched demographically or 182 

obtained from different sources is not recommended. For example, deriving all control lines in 183 

one laboratory and all patient lines in another can introduce a confounding variable. To 184 

minimize these issues, gene editing should ideally be performed in the same lab and using the 185 

same methods.  186 

With the advent of CRISPR engineering, there has been a rise in the use of genetically 187 

engineered hiPS cell lines in addition to the use of patient-derived cell lines. While this 188 

approach provides greater control over genetic background, it is important to note that 189 

CRISPR/Cas9-modified hiPS cell lines require thorough re-characterization, particularly in 190 

terms of pluripotency and genome integrity, if subcloning of hiPS cell lines is used after editing. 191 

The consensus is that multiple genetic backgrounds (individuals) should be subjected to editing 192 

to generalize findings. Experimental design could include unmodified hiPS cell lines at the 193 

targeted locus that went through the process of editing, the parental line, and multiple edited 194 

clones to increase the likelihood that phenotypic effects are attributable to the desired on-target 195 

editing and not to artifacts of cloning or editing. Another valuable control is to use revertant 196 

lines, in which the mutations are corrected in the same cell line. Additionally, orthogonal 197 

validation with patient-derived lines or other strategies, such as shRNAs, CRISPRa/i or 198 

antisense oligonucleotides, is recommended. When assessing the effect of environmental 199 

factors or studying copy number variations (CNVs) that cannot be engineered into control hiPS 200 

cell lines, large cohorts of patient-derived lines with demographically matched controls remain 201 

the gold standard. Cell villages, chimeroids and mosaic organoids are advancing the ability to 202 

achieve the large sample sizes needed for these studies.  203 

Production of hiPS cells requires appropriate donor consent for making and using these 204 

lines. Consent restrictions, differences in the international regulatory landscape and 205 

institutional policies governing the sharing of human cell lines have sometimes prevented the 206 

broader use of a set of lines across laboratories and, overall, present a significant challenge in 207 

ACCELE
RATED ARTIC

LE
 PREVIEW



 6 

comparing experiments. The KOLF2.1J line (of European ancestry), has been proposed as an 208 

all-around well-performing hiPS cell line for collaborative studies10 but more than one line is 209 

needed. Several repositories currently provide hiPS cell lines (CIRM, NIH, Allen Institute, 210 

SFARI, Coriell, JAX). Moving forward, creating a collection of broadly consented, well-211 

characterized, genetically and ancestrally diverse hiPS cell lines named in a standardized 212 

manner, could greatly facilitate protocol benchmarking and accelerate the validation of disease 213 

phenotypes across various research settings. 214 

 215 

Generating and characterizing neural cells  216 

Human neural development spans hundreds of days, extending decades into the postnatal 217 

period. Timing of in vitro neural differentiation is largely conserved in most culture conditions 218 

and consequently, modeling neurogenesis, astrogenesis, oligodendrogenesis, synapse or 219 

circuit formation with human cells will involve long, laborious experiments. Given the complexity 220 

and duration of these experiments, it is crucial to carefully design and power them11. Due to 221 

variability across cell lines, particularly when establishing new protocols and confirming 222 

phenotypes, we recommend employing multiple hiPS or hES cell lines and experimental 223 

differentiation batches to enable robust statistical analysis (for example, using two different XX 224 

and two different XY donor hiPS cell lines ideally in several independent differentiation 225 

experiments). It is critical to set a priori criteria for inclusion of lines and avoid removing cell 226 

lines post-hoc. Differentiations will inevitably need to be staggered, and incorporating quality 227 

control steps at key stages can enhance reliability and save resources. For instance, during 228 

the first month of cortical organoid differentiation, a panel of region-specific markers covering 229 

domains of the nervous system can be readily checked by qPCR or similar inexpensive 230 

methods (e.g., FOXG1 for forebrain, EMX1 for dorsal forebrain, NKX2.1 or DLX2 for ventral 231 

forebrain, TCF7L2 for diencephalon, EN1 for midbrain or anterior hindbrain including 232 

cerebellum, HOX family genes for hindbrain and spinal cord, TTR for choroid plexus, as 233 

examples). Morphological measures, such as diameter and shape, can sometimes indicate 234 

issues of cell identity or viability with some caveats depending on the method: if grown in 235 

suspension, organoids need to be separated to avoid fusion, while if embedded in extracellular 236 

matrices it can be difficult to run certain assays where access to cells is needed. Cell death 237 

and organoid morphology should be monitored and documented over time and across batches. 238 

These characteristics can vary depending on the differentiation method and the culture 239 

conditions and this variability may interfere with phenotyping. It will be helpful to report the 240 

degree of cell death in the core of the organoid and to describe how this was accounted for in 241 

experiments or mitigated to reduce cavitation, especially in long term cultures. 242 

Immunocytochemistry can also be employed, but while some cytoarchitectural features can 243 

reliably be observed (e.g., ventricular-like zones), more mature neuroanatomical features are 244 

not generally present in current multi-cellular preparations. For instance, distinguishing 245 

subventricular-like zones and outer subventricular-like in cortical organoids or defining multiple 246 

cortical layers can often be challenging. Functional quality control experiments should be 247 

considered, including characterization using calcium imaging, patch clamp or extracellular 248 

recording or neurotransmitter release.  249 

Developing a new differentiation protocol necessitates extensive characterization and 250 

validation (Box 1). Implementing established protocols should, at a minimum, confirm cell 251 

identity in the neural cultures derived from the hPS cell lines used and assess assay variability 252 

for the phenotype of interest. 253 

Patch-clamping or extracellular recordings can be complemented by calcium or voltage 254 

imaging in intact organoids or assembloids. Immunocytochemical characterization of organoids 255 

has often been limited in the literature, with only selected examples or part of organoids 256 
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presented. Moving forward, this characterization should include multiple organoid sections, 257 

multiple organoids, and multiple experimental batches with appropriate normalization 258 

procedures that consider unbiased sampling of cell distribution, quantification of the total 259 

number of cells and, when possible, comparison to primary tissue samples. For the 260 

development of assembloids, chimeroids and mosaic organoids, it is essential to carefully detail 261 

the conditions for integration, including the optimal stages of differentiation for fusion and 262 

mixing, respectively, and assays. For instance, when it comes to generating neuro-immune 263 

assembloids in which neural organoids are integrated with immune cells, the timing of 264 

integration and the compatibility of the cell culture media must be carefully considered. For 265 

chimeroids and mosaic organoids, examination of clonal dynamics (hPS or differentiated cells), 266 

patterning of neural progenitors used for mixing and the ideal timing is required. Claims of 267 

circuit formation in assembloids should include evidence of connectivity by imaging of 268 

projections and, ideally, analyses of functional connectivity, such as retrograde or anterograde 269 

tracing, synapse formation and electrophysiology.  270 

There should be transparency in reporting experimental details. Methods sections should 271 

include information on cell culture media and composition, cell culture dishes, cell density, 272 

oxygen levels, concentration and timing of growth factors added, passage number of starting 273 

cells and passage method, the efficiency of formation of a particular structure and how the 274 

structure is defined, the lots of various reagents (including extracellular matrices), and the 275 

presence of serum or other undefined components. Finally, it is important to deposit protocols 276 

in public repositories such as protocols.io, provide cell type annotations and be available to 277 

address questions and share reagents to facilitate method reproducibility across labs. 278 

We also consider that it is time to broadly implement established best practices for single 279 

cell analysis across modalities12, including detailed reporting of meta-data and the uploading 280 

of raw data (if permitted by donor consent) and partially processed data (e.g., count matrix) on 281 

public repositories such as NIH GEO, dbGAP, NeMO archive, CellxGene, NIMH Data Archive 282 

(NDA), UCSC browser, etc. even when publishing in journals that do not require this. This will 283 

be increasingly important as integration across datasets and comparison to primary tissue 284 

molecular atlases become standard procedures. Benchmarking to developmental cell atlases, 285 

when available, is necessary to substantiate claims about deriving specialized cell types, rather 286 

than solely relying on the expression of a few selected markers. Similarly, claims regarding 287 

physiological properties should be supported by evidence beyond the mere presence of a 288 

specific cell type in an organoid. While dissection of parts of organoids for profiling has been 289 

commonly performed, we recommend profiling intact organoids to obtain a comprehensive 290 

overview of cell composition. If only subregions are used or organoids are pooled, this should 291 

be transparently reported. To expedite the derivation and validation of new cell types, 292 

developing quality scores of similarities and user-friendly tools, such as VoxHunt13, is 293 

important.  294 

Significant effort has been dedicated to developing neural differentiation protocols. 295 

However, a major challenge arises when implementing these protocols in other laboratories, 296 

as they are often subject to modifications or optimizations. While improvements are always 297 

welcome, even minor adjustments to a protocol, such as altering the concentration or timing of 298 

growth factor application, schedule for media changes, etc., may require revalidation of 299 

reliability, as well as the identity and functionality of resulting 3D cultures. This practice also 300 

poses challenges for reproducibility efforts, as meta-analyses or comparisons across published 301 

studies become exceedingly difficult.  302 

 303 

 304 

 305 
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Probing and manipulating neural cells in 3D 306 

Perhaps one of the next major challenges in leveraging the potential of human multi-cellular 307 

models is the lag in developing and optimizing tools for capturing the functional properties of 308 

these complex 3D cultures. So far, most phenotyping efforts have focused on assessing cell 309 

diversity and molecular signatures through single-cell transcriptomics or immunocytochemistry 310 

and the morphology of organoids. However, unless there are severe brain structural defects in 311 

patients (e.g., microcephaly), the morphology of organoids is rarely a reliable measure for 312 

phenotyping. A dramatic reduction in the size of organoids, especially those carrying mutations 313 

from patients with only minor or no changes in brain or cortical volume, is often more indicative 314 

of technical issues related to genetic engineering, differentiation processes, or variability 315 

between different cell lines. In fact, characteristics of hiPS cell lines, their genetic background 316 

and the stage of differentiation (timing), contribute to a large fraction of the variability in these 317 

models14,15. Therefore, it may be necessary to increase the number of lines used in 318 

experiments. Even when sample sizes are limited, precise reporting of technical details, 319 

including specific timepoints, the number of cell lines, batches, and replicates for each 320 

experiment, is crucial for reproducibility and reliability. Special attention should be paid to the 321 

research question, the scalability of the assay, and the corresponding sample size. For 322 

instance, addressing polygenic inheritance likely requires large numbers of lines and readouts 323 

that can be adapted at scale. To substantiate claims about genetic background effects in 324 

disease models, a large number of independent lines is likely required, often necessitating 325 

orthogonal assays for validation or the examination of multiple pedigrees. In these cases, it is 326 

also useful to report data on multiple lines from a single individual. Furthermore, the timing for 327 

assessing alterations is a crucial factor and will vary depending on the brain region model, 328 

differentiation method or disorder being studied. For the spinal cord, which develops faster, 329 

experiments can extend up to 40-50 days in vitro. However, for corticogenesis, several months 330 

or more are necessary to observe the generation of deep and superficial layer neurons 331 

(neurogenesis), unless strategies to accelerate or stop neurogenesis are used. For 332 

astrogenesis, assays at early stages in cortical organoids are often confounded by progenitors 333 

with astrocytic features, for example radial glia rather than astrocytes, the latter often require 334 

over 4-5 months in vitro to develop, unless strategies to accelerate or stop gliogenesis are 335 

used16. Notably, very early stages of development of guided neural organoids (i.e., first few 336 

weeks of in vitro differentiation) can sometimes exhibit more variability than later stage 337 

organoids, likely due to the time needed for various hiPS cell lines and states to reach key 338 

stages. Related to timing, assessing the maturation or ‘aging’ status of cell-based organoids 339 

and assembloids is crucial for establishing the relevance of disease models, especially for 340 

studying neurodegenerative diseases. The same principles hold for neurotoxicology, where the 341 

physiological relevance and the developmental stage of the model used should be described 342 

and assessed for effective integration with epidemiological data.  343 

Functional assays in organoids and assembloids provide insights into neural development, 344 

maturation, and disease modeling, with fluorescence imaging, neurotransmitter release and 345 

electrophysiological methods being central to these efforts. Calcium imaging with genetically 346 

encoded indicators, such as gCaMPx, is relatively straightforward to implement and can now 347 

be used to monitor activity across large populations of neurons in intact neural organoids or 348 

across multi-part assembloids. Combining this imaging readout with reporter labeling facilitates 349 

the identification of cell-type-specific effects; however, challenges remain in finding, validating, 350 

and delivering cell-type-specific reporters for human neural cells, and these reporters often 351 

become silenced over time. In contrast to electrophysiological methods, however calcium 352 

imaging has a slower temporal resolution, is susceptible to photobleaching and phototoxicity, 353 
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and cannot be equated with spiking or synaptic activity, especially in developing human neural 354 

networks.  355 

Patch clamp electrophysiology, sometimes coupled with optogenetic and chemogenetic 356 

manipulations, although low-throughput and requiring advanced expertise, remains the gold 357 

standard for measuring the activity of individual neurons due to its resolution and precision in 358 

capturing the electrical state and membrane properties of a cell. Because this approach is low 359 

throughput, it is important to perform power analysis, considering cell type diversity and 360 

maturity, to accurately establish the needed sample size. Meanwhile, extracellular recordings 361 

provide a less invasive alternative, capturing the spiking activity of neuronal populations and 362 

can also be coupled with optogenetic stimulation or neurotransmitter uncaging strategies. 363 

These methods are typically used acutely or require the organoids or assembloids to be 364 

sectioned, which can disrupt their three-dimensional structure and potentially affect 365 

physiological properties. Multielectrode arrays, on the other hand, can be limited by lower signal 366 

resolution and can introduce artifacts, especially if 3D organoids require long-term plating on a 367 

flat surface. Moving forward, there is need for recording platforms that can seamlessly integrate 368 

with and record chronically (for hundreds of days, ideally) from intact neural organoids and 369 

assembloids without interfering with their 3D self-organization and differentiation unlike 370 

methods that require 2D culture plating for recording. Moreover, human primary tissue 371 

recordings are important as a benchmark for neural recording studies involving organoids and 372 

assembloids.  373 

Lastly, we emphasize that the complexity of an assay should not preclude the rigor, or the 374 

sample size required to obtain robust results. A range of cell lines, biological and technical 375 

replicates, and a combination of functional assays are often necessary to ensure that findings 376 

are robust.  377 

 378 

Transplanting and probing human neural cells in animals 379 

Organoid and assembloid models of the nervous system are constrained by their lack of 380 

functional vascularization, incomplete morphological and electrophysiological maturity of 381 

neurons and glial cells, and lack of meaningful sensory and other physiological inputs that 382 

shape circuit activity during development. Transplantation of human neural cells into host 383 

organisms can mitigate some of these limitations by enabling vascularization and integration 384 

into living host circuits. Transplantation methods hold significant potential for developing cell 385 

therapies and potentially offering a preclinical platform for testing drugs directly on human cells.   386 

Several aspects of experimental design must be considered when developing 387 

transplantation models, whether grafting whole organoids or dissociated neural cells derived 388 

from 2D or 3D cultures. These experiments are complex, and demand surgical expertise. The 389 

developmental stage of the transplanted cells and the host at the time of engraftment—whether 390 

prenatal, early postnatal, or adult— could influence outcomes. Quality control measures are 391 

important, given the extended duration of these experiments, sometimes exceeding nine 392 

months. Ensuring cell quality prior to transplantation, in terms of viability, purity, and cell identity 393 

is vital for enhancing reproducibility. Magnetic resonance imaging offers a non-invasive and 394 

efficient method to observe graft integration and growth, although at low resolution, and can 395 

facilitate the refinement of new transplantation procedures. When possible, two-photon imaging 396 

can be useful and informative given its resolution and ability to monitor circuit function, but 397 

technically challenging17. For graft characterization, we advise verifying survival, proliferation, 398 

maturation, and migration within the central nervous system of the host, alongside monitoring 399 

changes in cell identity and graft composition over time and assessing possible cell fusion– a 400 

process in which individual human and host cells become one by merging their plasma 401 

membranes. Identifying human cells may necessitate staining with human-specific antibodies 402 
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(e.g., anti-HNA, STEM-121, STEM-123, hNCAM, h.nuc) or orthogonal approaches to 403 

distinguish host versus graft cells. Lastly, functional integration into host circuits requires 404 

validation, including anatomical reconstruction of projections, labeling of efferent and afferent 405 

connections potentially with viral vectors, and electrophysiological characterization, in vivo 406 

imaging and optogenetic manipulation, ensuring identification of the transplanted cells to be 407 

distinguished from the host cells, and, when relevant, assessment of potential impact on animal 408 

behavior. 409 

It is crucial to recognize that xenograft transplantation into the rodent nervous system 410 

typically occurs against an immunocompromised background or in immunocompetent animals 411 

receiving immunosuppressive treatments, constraining the neuro-immune interaction 412 

questions that can be asked. Developmental timelines are species-specific; therefore, 413 

engraftment is intrinsically heterochronic, and rodents are not always the ideal species for 414 

transplantation, and other laboratory animals may have to be considered, although the use of 415 

primates as a host is ethically challenging. 416 

The transplantation of human cells into the nervous system of animals introduces various 417 

ethical, moral, societal, and legal concerns that are the focus of ongoing discussions18. Here, 418 

we want to underscore the importance of ethical aspects, including obtaining human donor 419 

consent for the use of human cells in vivo in animals, ensuring animal welfare, and being 420 

mindful of public perceptions regarding the purpose of these experiments and their promise to 421 

develop therapeutics. As the field progresses and transplantation techniques improve, it is 422 

essential to identify potential ethical tipping points, including emergent features, ensuring that 423 

these considerations are integrated into the research process and animal welfare19. 424 

 425 

Considerations on modeling development, evolution and disease  426 

At the core of developing useful, predictive models of biological processes is rigorous 427 

benchmarking. To ensure the reliability and relevance of experimental outcomes, it is critical to 428 

seek to obtain some sort of ‘ground truth’ information for normal human brain development and 429 

disease models. This is often challenging for neuropsychiatric disorders but can sometimes be 430 

achieved by comparison to human postmortem or surgically-resected tissue and clinical or 431 

neuroimaging data, using ex vivo fetal tissue preparations or relevant animal models (including 432 

non-human primates), which remain essential tools for neuroscience. Myriads of disease 433 

phenotypes have been described in hiPS cell-derived neural cultures over the past 15 years; 434 

some of them involve major changes in cell type composition, electrophysiological function or 435 

cell morphology that are in apparent contrast to the clinical presentation in the same patients. 436 

Therefore, it is possible that such phenotypes may be artefactual, a partial manifestation of the 437 

in vivo phenotype, or a manifestation of a phenotype that would be compensated in vivo or at 438 

a neural circuit level. This is unsurprising, as in vitro differentiation is often noisy and can 439 

amplify phenotypes, and these defects should be interpreted in the context of the disease 440 

observed in humans. Therefore, asserting major claims regarding the pathophysiology of 441 

complex and poorly understood psychiatric disorders without corroborating findings through 442 

independent validation in alternate experimental systems or with clinical data can be 443 

misleading. It is important to consider that these are models of aspects of disease and should 444 

be interpreted as such. This is especially important for neuropsychiatric disorders 445 

(neurodevelopmental and neurodegenerative), as most of them are behaviorally defined.  446 

Ensuring robust statistical and experimental design constitutes another fundamental 447 

principle, including the use of randomization, blinding, and a priori power calculations It is 448 

crucial to define samples: individual cells, individual versus bulk organoids or assembloids, 449 

differentiation batches, transplanted animals, hiPS cell lines of the same or different donors. 450 

When multiple data points are collected from the same experimental batch without maintaining 451 
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independence, there is a significant risk of inflating false positive results. Graphs should show 452 

all data collected and points should be colored (or shaped) by the line or batch used; figure 453 

legends should include details of what the points represent. A supplementary table could 454 

indicate lines and replicates used in each experiment. It is also important to distinguish between 455 

technical (assessing variability introduced by the experimental measurement or procedure) and 456 

biological replicates (accounting for variability between different biological entities or samples). 457 

Additionally, transparency regarding which organoids or assembloids were excluded from 458 

analysis and the rationale behind these decisions 2, including the definition of technical failure, 459 

is paramount. Such transparency can promote the integrity and reproducibility of research, 460 

especially with complex cellular models of the human nervous system.  461 

When modeling evolutionary or developmental features using organoids and assembloids, 462 

several experimental considerations and limitations should be considered. The developmental 463 

stage of the organoids and assembloids should be considered, especially as comparison 464 

across species is challenging, and claims of ‘uniquely human’ evolutionary features may be 465 

related to heterochrony– a phenomenon by which similar developmental processes unfold over 466 

different timescales in different species, with neoteny potentially playing a role in retaining early 467 

developmental features. Variation in pluripotency states across species adds another layer of 468 

complexity, potentially impacting the timing of differentiation in vitro and the ability to make 469 

accurate phenotypic comparisons. Cell culture conditions under which these models are 470 

maintained, particularly the use of high glucose media and hyperoxia, may alter developmental 471 

and evolutionary-relevant processes and could influence experimental outcomes. Importantly, 472 

claims about modeling extinct hominid brain development or function are particularly 473 

challenging as we have limited information on the cognitive and social functioning of these 474 

species. These considerations underscore the need for an experimental design suited to these 475 

unique challenges and the acknowledgment of inherent limitations when using models to study 476 

complex biological processes. 477 

Lastly, modeling disease using human stem cell-based organoids and assembloids 478 

necessitates a deep understanding of the inherent complexities and limitations of these 479 

systems. Bridging the gap between cellular models and clinical presentations remains a 480 

formidable challenge, and we urge caution in interpreting results and linking cellular 481 

phenotypes to complex cognitive and behavioral processes. A primary consideration is the 482 

genetic heterogeneity among hiPS cell donors, which is significantly larger than the genetic 483 

variance seen in inbred animal models. This variability underscores the critical importance of 484 

choosing appropriate controls for these experiments, including obtaining and reporting detailed 485 

donor information and, ultimately registering hiPS cell lines to ensure   other groups can easily 486 

obtain them. For hiPS cell studies, matching clinical features of the cohort, such as sex, and 487 

ancestry or using genetically related controls may be an approach to reduce heterogeneity. 488 

Unlike in clinical trials where sample size estimation and power analyses are standard 489 

prerequisites, such practices are not mandatory for in vitro experiments, even when utilizing 490 

patient-derived cells. However, the implementation of power analysis to determine the 491 

necessary sample size for detecting an expected effect size is essential. In cases where 492 

specific power analysis is not feasible or relevant, employing the largest possible sample size 493 

is important. The utilization of multiple cell lines from the same individual has been shown to 494 

reach a power plateau11, indicating that incorporating cells from multiple individuals is more 495 

likely to increase robustness. Ultimately, unlocking the translational potential of this field will 496 

necessitate the adoption of enhanced statistical methodologies; for instance, employing linear 497 

and generalized mixed effect models20 that account for data dependence can provide a more 498 

accurate analysis compared to traditional methods like t-tests and ANOVA, which assume 499 

ACCELE
RATED ARTIC

LE
 PREVIEW



 12 

independence among observations. It is advisable to consult statisticians to ensure the 500 

appropriate application of these methods. 501 

 502 

 503 

Final remarks 504 

We are at an exciting time in neuroscience fueled by the potential of human neural cellular 505 

models. These human stem cell-based models, combined with xenograft and other 506 

experimental approaches, are poised to accelerate our understanding of human development, 507 

evolution, and disorders of the nervous system. In conjunction with the prior consensus on 508 

nomenclature1, the framework for the experimental process that we propose here will hopefully 509 

accelerate the application of organoid, assembloid, and other multi-cellular models, bringing us 510 

closer to realizing their translational potential. This framework and further international 511 

collaborative initiatives across laboratories promise to enhance reliability and reproducibility, 512 

improve communication within and across disciplines, informing trainees and those entering 513 

this field as well as publishing, funding and regulatory agencies, and hopefully sparking further 514 

dialogue.  515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

  524 
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Figure 1 538 

 539 

Differentiation of human pluripotent stem cells into unguided or guided organoids, assembloids 540 

and their transplantation into animals. Boxes indicate assays and other variables that should 541 

be taken in consideration when designing experiments.  542 

 543 

 544 

 545 

  546 
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Box 1 547 

Recommendations for characterization and validation of a new differentiation protocol 548 

necessitates extensive (Box 1).  549 

 Morphological characterization, including monitoring and documenting the size and 550 

shape of organoids over time, as well as establishing cell health of the 3D culture 551 

(e.g., by using dyes for cell viability) 552 

 Validation across multiple, genetically distinct hiPS or hES cell lines. 553 

 Dynamic assessment of expression patterns of region-specific markers through gene 554 

expression (qPCR) or spatial assessment of key markers by immunocytochemistry, 555 

ideally compared to primary brain tissue samples or published relevant datasets. 556 

 Single-cell or nucleus RNA profiling of individual or pooled organoids at several 557 

stages, followed by computational mapping onto human reference atlases (Allen 558 

Brain Atlas, Human Cell Atlas, UCSC, etc). After reproducibility is established with 559 

single organoid profiling (scRNA-seq, qPCR, etc), organoids can be pooled.  560 

 Assessment of reliability across lines, experimental batches, and individual 561 

organoids.  562 

 Functional characterization through imaging and electrophysiological recordings.  563 

  564 
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