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Abstract
Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder that occurs in early childhood and can 
persist to adulthood. It can affect many aspects of a patient's daily life, so it is necessary to explore the mechanism and 
pathological alterations. For this purpose, we applied induced pluripotent stem cell (iPSC)-derived telencephalon organoids to 
recapitulate the alterations occurring in the early cerebral cortex of ADHD patients. We found that telencephalon organoids of 
ADHD showed less growth of layer structures than control-derived organoids. On day 35 of differentiation, the thinner cortex 
layer structures of ADHD-derived organoids contained more neurons than those of control-derived organoids. Furthermore, 
ADHD-derived organoids showed a decrease in cell proliferation during development from day 35 to 56. On day 56 of 
differentiation, there was a significant difference in the proportion of symmetric and asymmetric cell division between 
the ADHD and control groups. In addition, we observed increased cell apoptosis in ADHD during early development. 
These results show alterations in the characteristics of neural stem cells and the formation of layer structures, which might 
indicate key roles in the pathogenesis of ADHD. Our organoids exhibit the cortical developmental alterations observed in 
neuroimaging studies, providing an experimental foundation for understanding the pathological mechanisms of ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a 
neurodevelopmental disorder mainly characterized by 
symptoms of inattention, impulsivity, and hyperactivity. The 
symptoms can be observed from early childhood and often 
persist to adulthood [1, 2]. This disorder affects 5% of children 
and adolescents and 2.5% of adults worldwide and can cause 
failure in life activities such as education and communication 
throughout the lifetime [3, 4]. ADHD is one of the most 
heritable neuropsychiatric disorders [5, 6]. Although it has 
been suggested that common biological or genetic mechanisms 
exist in ADHD, they are still unclear [2, 7, 8].

The symptoms of ADHD are associated with a 
combination of clinical, neurodevelopmental and cognitive 

factors, all of which are based on distinct neuroanatomical 
foundations [9]. Previous studies have reported alterations 
in the cerebral cortex of ADHD [10]. Structural changes in 
the frontal cortex and reduced functional activation play a 
key role in cognitive processes such as emotion, response 
inhibition and attention [11, 12]. Symptoms of ADHD can 
improve over time during maturation and development, 
and delayed maturation may be related to pathogenesis 
[13]. It was reported that the surface area of the cerebral 
cortex showed significant differences between children with 
ADHD and age-matched controls, but the same was not true 
of adolescents or adults with ADHD [14–16]. Other studies 
have mentioned that the prefrontal cortex of children with 
ADHD showed significantly delayed maturation compared 
to control [17]. These studies suggest that morphological 
changes in the cerebral cortex, especially in the development 
and maturation of the cortex, might play important roles in 
the pathogenesis of ADHD.

Although prenatal neurodevelopment and postnatal 
neuroplasticity are considered to be inextricably linked to the 
pathophysiology of psychiatric disorders, including ADHD 
[18], poor accessibility often makes it difficult to study them: 
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postmortem brains of people with ADHD are unavailable in 
many cases, and animal models cannot completely exhibit 
the phenotypes of ADHD [19, 20]. Recent studies have 
shown that organoids, the products of three-dimensional 
tissue culture using induced pluripotent stem cells (iPSCs), 
can recapitulate the development of human organs (including 
the brain) in vitro. Brain organoids can mimic the early stage 
of neurodevelopment and pathology of neuropsychiatric 
disorders [21, 22], suggesting that they have the potential 
to reveal the unknown mechanisms of ADHD. Therefore, 
we used a three-dimensional iPSC culture method known 
as serum-free floating culture of embryoid body–like 
aggregates with quick reaggregation (SFEBq) [23] with slight 
modification [24] to uncover the pathogenesis of ADHD in the 
early cerebral cortex, especially the telencephalon.

Materials and Methods

Generation of Human iPSCs

All studies were performed according to protocols approved 
by Kobe University. Peripheral blood mononuclear cells 
were donated by an 18-year-old male patient diagnosed with 
ADHD with DSM-IV-TR. iPSCs of ADHD were generated 
from CD34-positive cells in mononuclear cells isolated from 
peripheral blood as previously described [25]. Control iPSCs 
were provided by the RIKEN BioResource Research Center 
(RIKEN BRC). Details of the origin and generation of iPSCs 
are shown in Table 1. The pluripotency and multipotency of 
iPSCs derived from an ADHD patient were confirmed by 
immunocytochemistry (Supplementary Fig. 1). Chromosomes 
were analyzed by Chromocenter (http://​chrom​ocent​er.​com/) 
and confirmed that there were no abnormal chromosomes in 
the iPSCs of the ADHD patient (Supplementary Fig. 2). All 
iPSCs were maintained as previously described [25].

Cortical Tissues Differentiated from Human iPSCs

Cortical differentiation from iPSCs using the modified 
SFEBq method was performed as described previously 
[24]. Human iPSCs were dissociated into single cells and 
then reaggregated using cortical differentiation medium 

in 96-well V-bottom plates at a density of 5,000 cells per 
well. Half of the medium was changed every 3–4 days. 
From day 0 to day 18, the medium contained GMEM, 20% 
KSR, NEAA, 0.1 mM 2-ME, sodium pyruvate, IWR-1-endo 
and SB431542, human FGF2 (removed after day 6), and 
Y-27632 (added on day 3). After day 18, the medium was 
changed to DMEM/F12 with GlutaMAX-I, N2 supplement, 
and chemically defined lipid concentrate, and floating cell 
aggregates were transferred to an EZSPHERE dish. On day 
35, 10% FBS, 5 mg/ml heparin, and 1% Matrigel (growth 
factor reduced) (Corning) were added to the medium (Sup-
plementary Fig. 3).

After 35 or 56 days of differentiation, the tissues were 
fixed in 4% PFA/PBS for 40 min and cryoprotected in 20% 
sucrose/PBS overnight at 4 °C. Fixed tissues were embed-
ded in frozen section compound (Leica) and sliced into 
10 µm thick sections. The sliced tissues were transferred to 
CREST-coated glass slides (Matsunami Glass). Slides were 
washed with PBS, permeabilized with 0.3% Triton X-100 
for 10 min, and blocked with 10% normal donkey serum in 
0.3% Triton X-100/PBS for 30 min, followed by incubation 
with primary antibody overnight at 4℃. Primary antibod-
ies against the following antigens were used at the speci-
fied dilutions: FOXG1 (TakaRa, 1:1000), TUJ1 (Abcam, 
1:1000), SOX2 (Abcam, 1:1000), CTIP2 (Abcam, 1:1000), 
TBR1 (Abcam, 1:1000; Santa Cruz), phospho-histone H3 
(Cell Signaling, 1:500), cleaved caspase 3 (Cell Signaling, 
1:200), and Ki67 (BD Pharmingen, 1:200). Fluorescence-
tagged secondary antibodies (Jackson) were reacted on the 
following day. The nuclei were counterstained with DAPI 
(BD Pharmingen, 1:2000).

Statistical Analysis

The morphology of sliced tissues was measured using ImageJ 
(NIH). Cortical structures with diameters less than 200 µm 
were excluded from measurement. All data are presented 
as the mean ± standard deviation (S.D.). Statistical analyses 
were performed using GraphPad Prism software version 9 
(GraphPad Software, CA). For multiple comparisons, the 
Kruskal‒Wallis test was used followed by a post hoc test. 
The chi-square test was used for contingency table analyses. 
A p value < 0.05 was considered to be statistically significant.

Table 1   Details of the origin 
and generation of iPSCs

Cell ID Age Sex Vector Reprograming factors

Contol-1 409B2 36 female Episomal vectors Oct3/4, Sox2, Klf4, L-Myc, Lin28, p53 shRNA
Contol-2 201B7 Retrovirus vectors Oct3/4, Sox2, Klf4, c-Myc
Contol-3 1383D2 36 Male Episomal vectors Oct3/4, Sox2, Klf4, L-Myc, Lin28, TP53 shRNA
ADHD-1 77B4 18 male Sendai virus vectors Oct3/4, Sox2, Klf4, c-Myc
ADHD-2 77B9
ADHD-3 77B11

http://chromocenter.com/
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Results

Generation of Telencephalon Organoids

Next, we used iPSCs from ADHD and control individuals 
to generate telencephalon organoids. After 35 days of dif-
ferentiation (day 35), cell aggregates expressed FOXG1, a 
specific marker of the telencephalon (Fig. 1a). They con-
tained cell layers expressing TUJ1 and SOX2, indicating 
layers of neurons and neural stem cells, similar to the corti-
cal plate (CP) and ventricular zone (VZ) observed in the 
early neurodevelopment of the cerebral cortex (Fig. 1b). 
These results indicated that they successfully differentiated 
into telencephalon organoids and recapitulated the early 
cerebral cortex.

Thickness of Layer Structures in the Telencephalon 
Organoids

To distinguish morphological changes occurring in the early 
cortex in ADHD, we measured the thickness of layer struc-
tures in the telencephalon organoids (Fig. 1c). The thick-
ness of the neuroepithelium-like structure (NE), defined as 
the total thickness of the CP and VZ, was not significantly 
different between ADHD-derived and control-derived 
organoids on day 35 (p > 0.05), whereas the NE of ADHD-
derived organoids was thinner than that of control-derived 
organoids on day 56 (p < 0.001). Moreover, although the 
thickness of the NE of control-derived organoids was sig-
nificantly increased between day 35 and 56 (p < 0.001), that 
of ADHD-derived organoids showed no significant change.

Fig. 1   Comparison of layer structures in telencephalon organoids 
derived from ADHD and control. (a) Expression of FOXG1, a tel-
encephalon-specific marker protein, at day 35 of differentiation. 
Scale bars: 200 μm. (b) Layer structures in the organoids at day 35 
and 56. Both control-derived and ADHD-derived organoids showed 
SOX2-expressing neural stem cells in ventricular zone-like struc-

tures. The neuron-specific marker protein TUJ1 was expressed in the 
outer cortical plate–like structure. Scale bars: 40 μm. (c) Thickness of 
neuroepithelium-like structures (NE). (d) Thickness of cortical plate–
like structures (CP). (e) Thickness of ventricular zone–like struc-
tures (VZ). Control: day 35 (n = 30), day 56 (n = 33); ADHD: day 35 
(n = 30), day 56 (n = 41). *P < 0.05, **P < 0.01, ***P < 0.001
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Thickness of CP and VZ

Next, we analyzed the thickness of the CP contained in the 
NE and found that the CP of ADHD-derived organoids was 
thinner than that of control-derived organoids on both day 35 
and day 56 (day 35: p < 0.05; day 56: p < 0.001, Fig. 1d). On 
the other hand, VZ was not significantly different between 
ADHD-derived organoids and control-derived organoids on 
day 35 (p > 0.05, Fig. 1e), whereas VZ of ADHD-derived 
organoids was significantly thinner than control-derived 
organoids on day 56 (p < 0.01). In the comparison of the 
thickness between day 35 and 56, the thickness of the CP 
was significantly increased in both control- and ADHD-
derived organoids (control: p < 0.001; ADHD: p < 0.001), 
whereas the VZ of ADHD-derived organoids was not sig-
nificantly increased between day 35 and 56. These results 
suggested that the CP of ADHD-derived organoids, the cer-
ebral cortex in early development, was thinner than that of 
control-derived organoids, possibly due to the alteration in 
the growth of the VZ, the layer of neural stem cells.

Number of Cells in Layer VI and V of the Cerebral 
Cortex

For further analysis of morphological differences, we 
counted the number of cells expressing TBR1 and/or CTIP2, 
specific marker proteins of neurons in layer VI and V of 
the cerebral cortex (Fig. 2a). On day 35, the CP of ADHD-
derived organoids contained significantly more cells express-
ing CTIP2 and cells coexpressing TBR1 and CTIP2 than that 
of control-derived organoids (CTIP2: p < 0.05; coexpression 
of TBR1 and CTIP2: p < 0.05, Fig. 2b), even though their 
thickness was thinner than that of control-derived organoids. 
On the other hand, the number of cells expressing TBR1 
and/or CTIP2 significantly increased between day 35 and 
56 in control-derived organoids (p < 0.001), whereas no 
significant increase was observed in ADHD-derived orga-
noids. These results showed altered growth of the early cor-
tex, meaning that an increase in the number of neurons was 
disrupted in ADHD-derived organoids.

Number of Cell Divisions

Our morphological analysis showed that ADHD-derived 
organoids had a thinner layer structure than control-derived 
organoids, even though there were more neurons in the lay-
ers than in the control-derived organoids. This suggested 
that alterations occurred in the neurodevelopment of ADHD-
derived organoids, including division of neural stem cells, 
differentiation from neural stem cells into neurons, and 
apoptosis of the cells. For further investigation, we counted 
the number of cell divisions indicated by the expression of 
phospho-histone H3 (pHH3, Fig. 3a). In control-derived 

organoids, the number of cell divisions was not signifi-
cantly changed between day 35 and 56 (Fig. 3b), indicating 
continuous proliferation of neural stem cells. Otherwise, in 
ADHD-derived organoids, the number of cell divisions was 
significantly decreased from day 35 to 56 (p < 0.05), suggest-
ing less potential to proliferate.

Proportion of Symmetric and Asymmetric Cell 
Division

Furthermore, we analyzed the proportion of symmetric and 
asymmetric cell division: cell division for the proliferation 
of neural stem cells and differentiation from neural stem 
cells into neurons [26, 27]. When the angle between the 
plane of cell division and the apical surface was less than 
or equal to 30 degrees, the cell division was considered 
asymmetric division, and when the angle was greater than 
or equal to 60 degrees, the cell division was considered 
symmetric division (Fig. 3c). From day 35 to day 56, only 
the control-derived organoids showed a significant change 
in the proportion of cell division (Fig. 3d, chi-square test, 
p < 0.001), with an increase in asymmetric division and a 
decrease in symmetric division. On day 56, the proportion 
of symmetric and asymmetric division showed a significant 
difference in control- and ADHD-derived organoids (chi-
square test, p < 0.001): control-derived organoids showed 
more asymmetric division and less symmetric division 
than ADHD-derived organoids. These results suggested 
that the proportion of cell division gradually shifted from 
proliferation to differentiation in a relatively later stage 
of development in control-derived organoids but not in 
ADHD-derived organoids.

Apoptosis and Proliferation of Cells

Finally, we distinguished possible changes in cell death. We 
analyzed the amount of cleaved-caspase 3 (CC3) and Ki67, 
the marker protein for apoptosis and proliferation of cells 
(Fig. 4a). In control-derived organoids, Ki67 was not signifi-
cantly changed between day 35 and 56 (p > 0.05, Fig. 4b), 
consistent with the pHH3 results. On the other hand, in 
ADHD-derived organoids, proliferation significantly 
decreased between day 35 and 56. Cell death indicated 
by CC3 significantly decreased from day 35 to 56 in both 
control- and ADHD-derived organoids (control: p < 0.05; 
ADHD: p < 0.001, Fig. 4c), although it was significantly 
higher in ADHD-derived organoids than in control-derived 
organoids on day 35 (p < 0.01). These results indicated two 
characteristics of ADHD cells: the amount of cell prolifera-
tion was decreased in early development, and much apopto-
sis occurred. Alterations in proliferation and apoptosis might 
drive the changes in the morphology of layer structures and 
the number of neurons.
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Discussion

In the present study, we differentiated iPSCs derived from 
an ADHD individual into telencephalon organoids. During 
early neurodevelopment, the early cortex in the organoids 
had thin layer structures accompanied by poor growth of 
the NE and VZ. Although the CP of ADHD-derived orga-
noids was thin, it contained more neurons than the con-
trol in the early developmental stage, and the number of 
neurons showed a poor increase in the following stage. 

ADHD-derived organoids also showed decreased cell divi-
sion, an altered proportion of proliferation and differentia-
tion, and increased apoptosis in the early developmental 
stage. Our biological models could reflect altered cortical 
neurodevelopment in ADHD-derived organoids at the same 
developmental stage in vivo [28–30].

Brain imaging has been used to characterize the neuro-
biological basis of ADHD, especially the morphology of 
the frontal lobes. However, the symptoms of ADHD and 
the delay in the morphological development of the cerebral 

Fig. 2   Comparison of the number of TBR1- and/or CTIP2-positive 
cells. (a) TBR1- and/or CTIP2-positive cells in layer structures. 
Scale bars: 40 μm. Dotted square: ROI (60 × 200 μm). (b) The num-

ber of TBR1- and/or CTIP2-positive cells. Control: day 35 (n = 21), 
day 56 (n = 24); ADHD: day 35 (n = 21), day 56 (n = 24). *P < 0.05, 
**P < 0.01, ***P < 0.001
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cortex are continuously altered during maturation [17, 31]. 
The reduced brain size and correlated structural altera-
tions in ADHD patients are closely related to apoptosis 
and neurodevelopmental genes [32]. The investigation of 
neurons and synaptic connections existing in the cortex 
has inherent limitations in imaging studies and cannot be 

observed in the mature brain [33, 34]. Cerebral organoids 
have been shown to mimic the clinical conditions of brain 
alteration in infants and children, as well as the differentia-
tion process of human cortical neurons during fetal devel-
opment, with advantages in the resolution of pathological 
development [35–37]. Our study demonstrated a biological 

Fig. 3   The number of cell divisions and symmetric/asymmetric divi-
sions. (a) Cell division indicated by pHH3 in layer structures. Scale 
bars: 40 μm. Dotted square: ROI (60 × 200 μm). (b) The number of 
pHH3-positive cells. Day 35: Control (n = 26), ADHD (n = 26); day 
56: Control (n = 9), ADHD (n = 9). *P < 0.05. (c) Examples of the 
angle of cell division. ≥ 60° was considered symmetric, and ≤ 30° 

was considered asymmetric. Scale bars: 10 μm. (d) Ratio of the angle 
of cell division. The measurement results were divided into three 
groups: ≥ 60° (dark gray), 30–60° (light gray), and ≤ 30° (black). 
day 35: Control (n = 65), ADHD (n = 65); day 56: Control (n = 32), 
ADHD (n = 24). ***P < 0.001
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model of ADHD reflecting early neurodevelopment, which 
cannot be observed in previous studies. It could contribute 
to providing a foundation for further research.

The regulatory effects of ADHD susceptibility genes 
on neural differentiation are mainly manifested in neu-
ronal proliferation, migration, synaptic formation and 
synaptic plasticity [38, 39]. Regarding the differences in 
neural differentiation in ADHD patients, the present study 
found that our ADHD model contained more neurons in 
the CP and showed more apoptosis than the control, indi-
cating that both more generation and more death of neu-
rons occurred in ADHD-derived organoids. These results 

suggest that the neurons of ADHD patients might be more 
fragile than those of controls, and/or differentiation from 
neural stem cells to neurons might occur too early and 
immature neurons are generated.

Another finding we would like to discuss is the small size 
of neurons in ADHD, which was indicated by the findings 
that the CP of ADHD-derived organoids contained more 
neurons in the thinner layer than those in control-derived 
organoids. Neurodevelopmental abnormalities in the pre-
frontal cortex of animal models of ADHD, such as fewer 
branch points and roots, shorter neurite length in sponta-
neously hypertensive rats [40–42], and lower spine density 
of the pyramidal neurons in dopamine transporter knockout 
mice, which we reported previously [43]. It is reasonable to 
speculate that our results regarding the NE thickness and 
the number of neurons observed reflect those morphological 
alterations of neurons in ADHD patients.

Another important finding is the alteration in the propor-
tion of proliferation and differentiation of neural stem cells, 
which play a crucial role in cortex development. Neural 
stem cells renew themselves and differentiate into neurons 
through symmetric and asymmetric cell division, and this 
proper balance maintains increase and growth of neurons 
[44–46]. Neural stem cells increase their numbers through 
symmetric cell division, followed by switching to asymmet-
ric cell division to differentiate into neurons, thus control-
ling the correct formation of the cerebral cortex [47, 48]. 
Our results showed that the three-dimensional telencephalon 
organoid models we derived from the ADHD patient did not 
show a similar shift from symmetric cell division to asym-
metric cell division as the control, possibly reflecting less 
potential to proliferate and to shift to differentiation.

These findings may be limited in part because the three 
iPSC lines that we used to differentiate into the organoids 
were derived from the same individual. Samples derived 
from more individuals will provide more possibilities for 
the establishment and comparison of organoids and can also 
expand the pathological analysis of ADHD.

Our in vitro models demonstrate the possible contribu-
tion of neural proliferation and differentiation and apoptosis 
in the formation of the early cortex and suggest the pos-
sible mechanisms of delayed cortical maturation in ADHD 
patients. These results show the alterations in the character-
istics of neural stem cells and the formation of layer struc-
tures, potentially indicating key players in the pathogenesis 
of ADHD.
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**P < 0.01, ***P < 0.001

https://doi.org/10.1007/s12015-023-10519-z


1489Stem Cell Reviews and Reports (2023) 19:1482–1491	

1 3

Authors' Contributions  I.S and N.E conceived and designed the 
experiments. D.Z performed the experiments and analyzed the data. S.O 
contributed to generation of iPSCs. A.H made scientific suggestions. D.Z 
and N.E wrote the manuscript. I.S. provided critical reading and scientific 
discussion.

Funding  Open access funding provided by Kobe University. This work 
was supported by Grants-in-Aid for Scientific Research (B) from the 
Ministry of Education, Culture, Sports, Science and Technology of 
Japan, Grant Numbers 19H03584, 16K15561 (I.S.) and 18K15516 (N.E).

Data Availability  The datasets generated and/or analyzed during 
the current study are available from the corresponding author on 
reasonable request.

Code Availability  Not applicable.

Declarations 

Ethics Approval  The experimental protocol involving human subjects 
was approved by the ethics board at Kobe University, approval 
number 1600.

Consent to Participate  The patient consented to participate in the study.

Consent for Publication  All authors consent for publication.

Conflict of Interest/Competing Interests  The authors have no competing 
interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​
org/​licen​ses/​by/4.​0/.

References

	 1.	 Agnew-Blais, J. C., Polanczyk, G. V., Danese, A., Wertz, J., Mof-
fitt, T. E., & Arseneault, L. (2016). Evaluation of the persistence, 
remission, and emergence of attention-deficit/hyperactivity dis-
order in young adulthood. JAMA Psychiatry, 73(7), 713–720. 
https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2016.​0465

	 2.	 Hinshaw, S. P. (2018). Attention Deficit Hyperactivity 
Disorder (ADHD): Controversy, developmental mechanisms, 
and multiple levels of analysis. Annual Review of Clinical 
Psychology, 14, 291–316. https://​doi.​org/​10.​1146/​annur​ev-​clinp​
sy-​050817-​084917

	 3.	 Faraone, S. V., Asherson, P., Banaschewski, T., Biederman, J., 
Buitelaar, J. K., Ramos-Quiroga, J. A., Rohde, L. A., Sonuga-
Barke, E. J. S., Tannock, R., & Franke, B. (2015). Attention-defi-
cit/hyperactivity disorder. Nature Reviews Disease Primers, 1(1), 
15020. https://​doi.​org/​10.​1038/​nrdp.​2015.​20

	 4.	 Nourredine, M., Gering, A., Fourneret, P., Rolland, B., Falissard, 
B., Cucherat, M., Geoffray, M. M., & Jurek, L. (2021). Associa-
tion of attention-deficit/hyperactivity disorder in childhood and 
adolescence with the risk of subsequent psychotic disorder: A 
systematic review and meta-analysis. JAMA Psychiatry, 78(5), 
519–529. https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2020.​4799

	 5.	 Lee, P. H., Anttila, V., Won, H., Feng, Y.-C. A., Rosenthal, J., 
Zhu, Z., Tucker-Drob, E. M., Nivard, M. G., Grotzinger, A. D., 
Posthuma, D., Wang, M. M. J., Yu, D., Stahl, E. A., Walters, 
R. K., Anney, R. J. L., Duncan, L. E., Ge, T., Adolfsson, R., 
Banaschewski, T., . . . Smoller, J. W. (2019). Genomic relation-
ships, novel loci, and pleiotropic mechanisms across eight psychi-
atric disorders. Cell, 179(7), 1469–1482.e11. https://​doi.​org/​10.​
1016/j.​cell.​2019.​11.​020

	 6.	 Thapar, A. (2018). Discoveries on the genetics of ADHD in the 
21st century: New findings and their implications. The American 
Journal of Psychiatry, 175(10), 943–950. https://​doi.​org/​10.​1176/​
appi.​ajp.​2018.​18040​383

	 7.	 Gallo, E. F., & Posner, J. (2016). Moving towards causality in 
attention-deficit hyperactivity disorder: Overview of neural and 
genetic mechanisms. The Lancet Psychiatry, 3(6), 555–567. 
https://​doi.​org/​10.​1016/​s2215-​0366(16)​00096-1

	 8.	 Liao, C., Laporte, A. D., Spiegelman, D., Akçimen, F., Joober, R., 
Dion, P. A., & Rouleau, G. A. (2019). Transcriptome-wide asso-
ciation study of attention deficit hyperactivity disorder identifies 
associated genes and phenotypes. Nature Communications, 10(1), 
4450. https://​doi.​org/​10.​1038/​s41467-​019-​12450-9

	 9.	 Ball, G., Malpas, C. B., Genc, S., Efron, D., Sciberras, E., Ander-
son, V., Nicholson, J. M., & Silk, T. J. (2018). Multimodal struc-
tural neuroimaging markers of brain development and ADHD 
symptoms. American Journal of Psychiatry, 176(1), 57–66. 
https://​doi.​org/​10.​1176/​appi.​ajp.​2018.​18010​034

	10.	 Bernanke, J., Luna, A., Chang, L., Bruno, E., Dworkin, J., & Pos-
ner, J. (2022). Structural brain measures among children with and 
without ADHD in the adolescent brain and cognitive development 
study cohort: A cross-sectional US population-based study. The 
Lancet Psychiatry, 9(3), 222–231. https://​doi.​org/​10.​1016/​S2215-​
0366(21)​00505-8

	11.	 Arnsten, A. F. T., & Rubia, K. (2012). Neurobiological circuits 
regulating attention, cognitive control, motivation, and emotion: 
Disruptions in neurodevelopmental psychiatric disorders. Jour-
nal of the American Academy of Child & Adolescent Psychiatry, 
51(4), 356–367. https://​doi.​org/​10.​1016/j.​jaac.​2012.​01.​008

	12.	 Dark, C., Homman-Ludiye, J., & Bryson-Richardson, R. J. 
(2018). The role of ADHD associated genes in neurodevelopment. 
Developmental Biology, 438(2), 69–83. https://​doi.​org/​10.​1016/j.​
ydbio.​2018.​03.​023

	13.	 El-Sayed, E., Larsson, J. O., Persson, H. E., Santosh, P. J., & 
Rydelius, P. A. (2003). “Maturational lag” hypothesis of attention 
deficit hyperactivity disorder: An update. Acta Paediatrica, 92(7), 
776–784.

	14.	 Hoogman, M., Muetzel, R., Guimaraes, J. P., Shumskaya, E., Mennes, 
M., Zwiers, M. P., Jahanshad, N., Sudre, G., Wolfers, T., Earl, E. A., 
Soliva Vila, J. C., Vives-Gilabert, Y., Khadka, S., Novotny, S. E., 
Hartman, C. A., Heslenfeld, D. J., Schweren, L. J. S., Ambrosino, 
S., Oranje, B., . . . Franke, B. (2019). Brain imaging of the cortex 
in ADHD: A coordinated analysis of large-scale clinical and popu-
lation-based samples. The American Journal of Psychiatry, 176(7), 
531–542. https://​doi.​org/​10.​1176/​appi.​ajp.​2019.​18091​033

	15.	 Norman, L. J., Carlisi, C., Lukito, S., Hart, H., Mataix-Cols, D., 
Radua, J., & Rubia, K. (2016). Structural and functional brain 
abnormalities in attention-deficit/hyperactivity disorder and 
obsessive-compulsive disorder: A comparative meta-analysis. JAMA 
Psychiatry, 73(8), 815–825. https://​doi.​org/​10.​1001/​jamap​sychi​atry.​
2016.​0700

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/jamapsychiatry.2016.0465
https://doi.org/10.1146/annurev-clinpsy-050817-084917
https://doi.org/10.1146/annurev-clinpsy-050817-084917
https://doi.org/10.1038/nrdp.2015.20
https://doi.org/10.1001/jamapsychiatry.2020.4799
https://doi.org/10.1016/j.cell.2019.11.020
https://doi.org/10.1016/j.cell.2019.11.020
https://doi.org/10.1176/appi.ajp.2018.18040383
https://doi.org/10.1176/appi.ajp.2018.18040383
https://doi.org/10.1016/s2215-0366(16)00096-1
https://doi.org/10.1038/s41467-019-12450-9
https://doi.org/10.1176/appi.ajp.2018.18010034
https://doi.org/10.1016/S2215-0366(21)00505-8
https://doi.org/10.1016/S2215-0366(21)00505-8
https://doi.org/10.1016/j.jaac.2012.01.008
https://doi.org/10.1016/j.ydbio.2018.03.023
https://doi.org/10.1016/j.ydbio.2018.03.023
https://doi.org/10.1176/appi.ajp.2019.18091033
https://doi.org/10.1001/jamapsychiatry.2016.0700
https://doi.org/10.1001/jamapsychiatry.2016.0700


1490	 Stem Cell Reviews and Reports (2023) 19:1482–1491

1 3

	16.	 Shaw, P., Malek, M., Watson, B., Greenstein, D., de Rossi, P., & 
Sharp, W. (2013). Trajectories of cerebral cortical development in 
childhood and adolescence and adult attention-deficit/hyperactiv-
ity disorder. Biological Psychiatry, 74(8), 599–606. https://​doi.​
org/​10.​1016/j.​biops​ych.​2013.​04.​007

	17.	 Shaw, P., Eckstrand, K., Sharp, W., Blumenthal, J., Lerch, J. P., 
Greenstein, D., Clasen, L., Evans, A., Giedd, J., & Rapoport, J. 
L. (2007). Attention-deficit/hyperactivity disorder is characterized 
by a delay in cortical maturation. Proceedings of the National 
Academy of Sciences of the United States of America, 104(49), 
19649–19654. https://​doi.​org/​10.​1073/​pnas.​07077​41104

	18.	 Writing Committee for the Attention-Deficit/Hyperactivity Disor-
der, Autism Spectrum Disorder, Bipolar Disorder, Major Depres-
sive Disorder, Obsessive-Compulsive Disorder, and Schizophrenia 
Enigma Working Groups, Patel, Y., Parker, N., Shin, J., Howard, 
D., French, L., Thomopoulos, S. I., Pozzi, E., Abe, Y., Abé, C., 
Anticevic, A., Alda, M., Aleman, A., Alloza, C., . . . Paus, T. 
(2021). Virtual histology of cortical thickness and shared neurobi-
ology in 6 psychiatric disorders. JAMA Psychiatry, 78(1), 47–63. 
https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2020.​2694

	19.	 de la Peña, J. B., dela Peña, I. J., Custodio, R. J., Botanas, C. J., 
Kim, H. J., & Cheong, J. H. (2018). Exploring the validity of pro-
posed transgenic animal models of attention-deficit hyperactivity 
disorder (ADHD). Molecular Neurobiology, 55(5), 3739–3754. 
https://​doi.​org/​10.​1007/​s12035-​017-​0608-1

	20	 Kantak, K. M. (2022). Rodent models of attention-deficit 
hyperactivity disorder: An updated framework for model 
validation and therapeutic drug discovery. Pharmacology 
Biochemistry and Behavior, 216, 173378. https://​doi.​org/​10.​
1016/j.​pbb.​2022.​173378

	21.	 Eglen, R. M., & Reisine, T. (2018). Human iPS cell-derived patient 
tissues and 3D cell culture part 1: Target identification and lead 
optimization. SLAS Technology: Translating Life Sciences Innova-
tion, 24(1), 3–17. https://​doi.​org/​10.​1177/​24726​30318​803277

	22.	 Eglen, R. M., & Reisine, T. (2019). Human iPS cell-derived 
patient tissues and 3D cell culture part 2: Spheroids, organoids, 
and disease modeling. SLAS Technology, 24(1), 18–27. https://​
doi.​org/​10.​1177/​24726​30318​803275

	23.	 Kadoshima, T., Sakaguchi, H., Nakano, T., Soen, M., Ando, 
S., Eiraku, M., & Sasai, Y. (2013). Self-organization of axial 
polarity, inside-out layer pattern, and species-specific progenitor 
dynamics in human ES cell-derived neocortex. Proceedings 
of the National Academy of Sciences of the United States of 
America, 110(50), 20284–20289. https://​doi.​org/​10.​1073/​pnas.​
13157​10110

	24.	 Eguchi, N., Sora, I., & Muguruma, K. (2018). Self-organizing 
cortex generated from human iPSCs with combination of FGF2 
and ambient oxygen. Biochemical and Biophysical Research 
Communications, 498(4), 729–735. https://​doi.​org/​10.​1016/j.​bbrc.​
2018.​03.​049

	25.	 Seki, T., Yuasa, S., Oda, M., Egashira, T., Yae, K., Kusumoto, D., 
Nakata, H., Tohyama, S., Hashimoto, H., Kodaira, M., Okada, 
Y., Seimiya, H., Fusaki, N., Hasegawa, M., & Fukuda, K. (2010). 
Generation of induced pluripotent stem cells from human ter-
minally differentiated circulating T cells. Cell Stem Cell, 7(1), 
11–14. https://​doi.​org/​10.​1016/j.​stem.​2010.​06.​003

	26.	 Barui, A., & Datta, P. (2019). Biophysical factors in the regulation 
of asymmetric division of stem cells. Biological Reviews, 94(3), 
810–827. https://​doi.​org/​10.​1111/​brv.​12479

	27.	 Zhong, W., & Chia, W. (2008). Neurogenesis and asymmetric cell 
division. Current Opinion in Neurobiology, 18(1), 4–11. https://​
doi.​org/​10.​1016/j.​conb.​2008.​05.​002

	28.	 Arlotta, P., & Paşca, S. P. (2019). Cell diversity in the human cerebral 
cortex: From the embryo to brain organoids. Current Opinion in Neu-
robiology, 56, 194–198. https://​doi.​org/​10.​1016/j.​conb.​2019.​03.​001

	29.	 Eremeev, A. V., Lebedeva, O. S., Bogomiakova, M. E., Lagarkova, 
M. A., & Bogomazova, A. N. (2021). Cerebral organoids-chal-
lenges to establish a brain prototype. Cells, 10(7), 1790. https://​
doi.​org/​10.​3390/​cells​10071​790

	30	 Jabaudon, D., & Lancaster, M. (2018). Exploring landscapes 
of brain morphogenesis with organoids. Development, 145(22), 
dev172049. https://​doi.​org/​10.​1242/​dev.​172049

	31.	 Giedd, J. N. (2019). The enigma of neuroimaging in ADHD. The 
American Journal of Psychiatry, 176(7), 503–504. https://​doi.​org/​
10.​1176/​appi.​ajp.​2019.​19050​540

	32.	 Hess, J. L., Radonjić, N. V., Patak, J., Glatt, S. J., & Faraone, S. 
V. (2021). Autophagy, apoptosis, and neurodevelopmental genes 
might underlie selective brain region vulnerability in attention-
deficit/hyperactivity disorder. Molecular Psychiatry, 26(11), 
6643–6654. https://​doi.​org/​10.​1038/​s41380-​020-​00974-2

	33.	 Franke, B. (2017). Neuroimaging findings in ADHD and the role 
of genetics. European Psychiatry, 41, S44. https://​doi.​org/​10.​
1016/j.​eurpsy.​2017.​01.​194

	34.	 Lawrie, S. M. (2020). Translational neuroimaging of ADHD and 
related neurodevelopmental disorders. The World Journal of Bio-
logical Psychiatry, 21(9), 659–661. https://​doi.​org/​10.​1080/​15622​
975.​2020.​18236​94

	35.	 Allende, M. L., Cook, E. K., Larman, B. C., Nugent, A., Brady, J. 
M., Golebiowski, D., Sena-Esteves, M., Tifft, C. J., & Proia, R. L. 
(2018). Cerebral organoids derived from Sandhoff disease-induced 
pluripotent stem cells exhibit impaired neurodifferentiation. Journal 
of Lipid Research, 59(3), 550–563. https://​doi.​org/​10.​1194/​jlr.​
M0813​23

	36.	 Luo, C., Lancaster, M. A., Castanon, R., Nery, J. R., Knoblich, J. 
A., & Ecker, J. R. (2016). Cerebral organoids recapitulate epig-
enomic signatures of the human fetal brain. Cell Reports, 17(12), 
3369–3384. https://​doi.​org/​10.​1016/j.​celrep.​2016.​12.​001

	37.	 Mariani, J., Coppola, G., Zhang, P., Abyzov, A., Provini, L., 
Tomasini, L., Amenduni, M., Szekely, A., Palejev, D., Wilson, 
M., Gerstein, M., Grigorenko, E. L., Chawarska, K., Pelphrey, 
K. A., Howe, J. R., & Vaccarino, F. M. (2015). FOXG1-depend-
ent dysregulation of GABA/Glutamate neuron differentiation in 
autism spectrum disorders. Cell, 162(2), 375–390. https://​doi.​org/​
10.​1016/j.​cell.​2015.​06.​034

	38.	 Ribasés, M., Hervás, A., Ramos-Quiroga, J. A., Bosch, R., Bielsa, 
A., Gastaminza, X., Fernández-Anguiano, M., Nogueira, M., 
Gómez-Barros, N., Valero, S., Gratacòs, M., Estivill, X., Casas, 
M., Cormand, B., & Bayés, M. (2008). Association study of 10 
genes encoding neurotrophic factors and their receptors in adult 
and child attention-deficit/hyperactivity disorder. Biological 
Psychiatry, 63(10), 935–945. https://​doi.​org/​10.​1016/j.​biops​ych.​
2007.​11.​004

	39.	 Rivero, O., Sich, S., Popp, S., Schmitt, A., Franke, B., & Lesch, 
K. P. (2013). Impact of the ADHD-susceptibility gene CDH13 
on development and function of brain networks. European Neu-
ropsychopharmacology, 23(6), 492–507. https://​doi.​org/​10.​1016/j.​
euron​euro.​2012.​06.​009

	40.	 Alves, C. B., Almeida, A. S., Marques, D. M., Faé, A. H. L., 
Machado, A. C. L., Oliveira, D. L., Portela, L. V. C., & Porciúncula, 
L. O. (2020). Caffeine and adenosine A(2A) receptors rescue neu-
ronal development in vitro of frontal cortical neurons in a rat model 
of attention deficit and hyperactivity disorder. Neuropharmacology, 
166, 107782. https://​doi.​org/​10.​1016/j.​neuro​pharm.​2019.​107782

	41.	 Usui, N., Tian, X., Harigai, W., Togawa, S., Utsunomiya, R., Doi, 
T., Miyoshi, K., Shinoda, K., Tanaka, J., Shimada, S., Katayama, 
T., & Yoshimura, T. (2022). Length impairments of the axon 
initial segment in rodent models of attention-deficit hyperactivity 
disorder and autism spectrum disorder. Neurochemistry 
International, 153, 105273. https://​doi.​org/​10.​1016/j.​neuint.​
2021.​105273

https://doi.org/10.1016/j.biopsych.2013.04.007
https://doi.org/10.1016/j.biopsych.2013.04.007
https://doi.org/10.1073/pnas.0707741104
https://doi.org/10.1001/jamapsychiatry.2020.2694
https://doi.org/10.1007/s12035-017-0608-1
https://doi.org/10.1016/j.pbb.2022.173378
https://doi.org/10.1016/j.pbb.2022.173378
https://doi.org/10.1177/2472630318803277
https://doi.org/10.1177/2472630318803275
https://doi.org/10.1177/2472630318803275
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1016/j.bbrc.2018.03.049
https://doi.org/10.1016/j.bbrc.2018.03.049
https://doi.org/10.1016/j.stem.2010.06.003
https://doi.org/10.1111/brv.12479
https://doi.org/10.1016/j.conb.2008.05.002
https://doi.org/10.1016/j.conb.2008.05.002
https://doi.org/10.1016/j.conb.2019.03.001
https://doi.org/10.3390/cells10071790
https://doi.org/10.3390/cells10071790
https://doi.org/10.1242/dev.172049
https://doi.org/10.1176/appi.ajp.2019.19050540
https://doi.org/10.1176/appi.ajp.2019.19050540
https://doi.org/10.1038/s41380-020-00974-2
https://doi.org/10.1016/j.eurpsy.2017.01.194
https://doi.org/10.1016/j.eurpsy.2017.01.194
https://doi.org/10.1080/15622975.2020.1823694
https://doi.org/10.1080/15622975.2020.1823694
https://doi.org/10.1194/jlr.M081323
https://doi.org/10.1194/jlr.M081323
https://doi.org/10.1016/j.celrep.2016.12.001
https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1016/j.biopsych.2007.11.004
https://doi.org/10.1016/j.biopsych.2007.11.004
https://doi.org/10.1016/j.euroneuro.2012.06.009
https://doi.org/10.1016/j.euroneuro.2012.06.009
https://doi.org/10.1016/j.neuropharm.2019.107782
https://doi.org/10.1016/j.neuint.2021.105273
https://doi.org/10.1016/j.neuint.2021.105273


1491Stem Cell Reviews and Reports (2023) 19:1482–1491	

1 3

	42.	 Yuan, H., Ni, X., Zheng, M., Han, X., Song, Y., & Yu, M. (2019). 
Effect of catalpol on behavior and neurodevelopment in an ADHD 
rat model. Biomedicine & Pharmacotherapy, 118, 109033. https://​
doi.​org/​10.​1016/j.​biopha.​2019.​109033

	43.	 Kasahara, Y., Arime, Y., Hall, F. S., Uhl, G. R., & Sora, I. (2015). 
Region-specific dendritic spine loss of pyramidal neurons in dopa-
mine transporter knockout mice. Current Molecular Medicine, 15(3), 
237–244. https://​doi.​org/​10.​2174/​15665​24015​66615​03301​43613

	44.	 Fietz, S. A., & Huttner, W. B. (2011). Cortical progenitor expan-
sion, self-renewal and neurogenesis-a polarized perspective. Cur-
rent Opinion in Neurobiology, 21(1), 23–35. https://​doi.​org/​10.​
1016/j.​conb.​2010.​10.​002

	45.	 Namba, T., & Huttner, W. B. (2017). Neural progenitor cells and 
their role in the development and evolutionary expansion of the 
neocortex. Wiley Interdisciplinary Reviews. Developmental Biol-
ogy, 6(1). https://​doi.​org/​10.​1002/​wdev.​256

	46.	 Xing, L., Wilsch-Bräuninger, M., & Huttner, W. B. (2021). How 
neural stem cells contribute to neocortex development. Biochemi-
cal Society Transactions, 49(5), 1997–2006. https://​doi.​org/​10.​
1042/​bst20​200923

	47.	 Casas Gimeno, G., & Paridaen, J. (2022). The symmetry of neural 
stem cell and progenitor divisions in the vertebrate brain. Fron-
tiers in Cell and Developmental Biology, 10, 885269. https://​doi.​
org/​10.​3389/​fcell.​2022.​885269

	48.	 Delaunay, D., Kawaguchi, A., Dehay, C., & Matsuzaki, F. (2017). 
Division modes and physical asymmetry in cerebral cortex pro-
genitors. Current Opinion in Neurobiology, 42, 75–83. https://​doi.​
org/​10.​1016/j.​conb.​2016.​11.​009

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.biopha.2019.109033
https://doi.org/10.1016/j.biopha.2019.109033
https://doi.org/10.2174/1566524015666150330143613
https://doi.org/10.1016/j.conb.2010.10.002
https://doi.org/10.1016/j.conb.2010.10.002
https://doi.org/10.1002/wdev.256
https://doi.org/10.1042/bst20200923
https://doi.org/10.1042/bst20200923
https://doi.org/10.3389/fcell.2022.885269
https://doi.org/10.3389/fcell.2022.885269
https://doi.org/10.1016/j.conb.2016.11.009
https://doi.org/10.1016/j.conb.2016.11.009

	Telencephalon Organoids Derived from an Individual with ADHD Show Altered Neurodevelopment of Early Cortical Layer Structure
	Abstract
	Introduction
	Materials and Methods
	Generation of Human iPSCs
	Cortical Tissues Differentiated from Human iPSCs
	Statistical Analysis

	Results
	Generation of Telencephalon Organoids
	Thickness of Layer Structures in the Telencephalon Organoids
	Thickness of CP and VZ
	Number of Cells in Layer VI and V of the Cerebral Cortex
	Number of Cell Divisions
	Proportion of Symmetric and Asymmetric Cell Division
	Apoptosis and Proliferation of Cells

	Discussion
	Anchor 17
	Acknowledgements 
	References


