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Introduction: Human cerebral organoids (hCOs) derived from pluripotent stem
cells are very promising for the study of neurodevelopment and the investigation
of the healthy or diseased brain. To help establish hCOs as a powerful research
model, it is essential to perform the morphological characterization of their
cellular components in depth.

Methods: In this study, we analyzed the cell types consisting of hCOs after
culturing for 45 days using immunofluorescence and reverse transcriptase
qualitative polymerase chain reaction (RT-gPCR) assays. We also analyzed their
subcellular morphological characteristics by transmission electron microscopy
(TEM).

Results: Our results show the development of proliferative zones to be
remarkably similar to those found in human brain development with cells having
a polarized structure surrounding a central cavity with tight junctions and cilia. In
addition, we describe the presence of immature and mature migrating neurons,
astrocytes, oligodendrocyte precursor cells, and microglia-like cells.

Discussion: The ultrastructural characterization presented in this study provides
valuable information on the structural development and morphology of the hCO,
and this information is of general interest for future research on the mechanisms
that alter the cell structure or function of hCOs.

KEYWORDS

human brain organoids, mini-brains, human pluripotent stem cells, ultrastructural
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cells, glial cells

1 Introduction

The study of the human brain is challenging due to its functional and structural
complexity, and the challenge in extrapolating data obtained from animal models arises
from the differences between their brain and the human brain (Spires and Hyman,
2005; Benito-Kwiecinski et al,, 2021; Fernandes et al, 2021). Innovative scientific
advances derived from models using human pluripotent stem cells (hPSCs) represent a
breakthrough in the study of the brain (Engle et al., 2018; Baldassari et al., 2020). The
generation of human cerebral organoids (hCOs) (Lancaster et al., 2013) makes it possible
to conceive a three-dimensional (3D) model that functionally and structurally resembles
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FIGURE 2
The presence of neurons in the human cerebral organoids (hCOs). (A) Representative images of the hCOs immunostained for DCX, BIlITub, MAP2
(red), SYN1 (green), and Hoechst (blue). White dashed lines represent the area corresponding to the proliferative zones. Scale bar= 100 um. (B)
Relative quantification by RT-gPCR of DCX, TUBB3, MAP2, and SYN1. Data represent mean =+ SD (n = 4 for each experiment). Statistical analysis was
performed using a one-way ANOVA. *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. (C) Overview of the transmission electron microscopy
(TEM) image of the neurons (NC) differentiated from the proliferative zone (black dashed lines) in the hCOs. Scale bar = 5um. (D) TEM image of a
neuron. The nucleus (N) has some indentation in the nuclear membrane (black asterisk) and a defined and rounded nucleolus (n). The cytoplasm has
(Continued)
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FIGURE 2 (Continued)

different organelles. Scale bar = 1 um. (E) Cross-section of a neurite. Microtubules (two highlighted by black arrows) are arranged inside. Scale bar =
200 nm. (F) Longitudinal section of neurites. The microtubules (black arrows) can be seen arranged in parallel to each other, next to a mitochondrium
(m). Scale bar = 500 nm. (G) The magnified red boxed area in image (D) showing the Golgi complex (GC). Scale bar = 200 nm. (H) The magnified black
boxed area in image (D) showing mitochondria (m) and lysosome (L). Scale bar = 200 nm. Red asterisk: central cavity of rosette; DCX, Doublecortin,
BIlTub/TUBB3, BllITubulin; MAP2, Microtubule-Associated Protein 2; SYN1, Synapsin-1; IND, neural induction DIFF differentiation; MAT, maturation.

present lipid vacuoles that probably are essential to maintain the
apicobasal polarity by an interplay between polarity proteins and
phospholipids (Chou et al., 2018).

Cells in this proliferative zone transit into radial glial cells
(RGCs) to mark the onset of neurogenesis. These proliferative
ventricular zones are of great interest, and most of the neurons in
the brain are derived either directly or indirectly from the RGCs,
in addition to their role as a scaffold for the radial migration of
neurons and as precursors of astrocytes (Eze et al., 2021). One of the
main characteristics of the RGCs is the loss of the tight junctions at
the terminal foot (Lendahl et al., 1990; Aaku-Saraste et al., 1996),
which is previously associated in vertebrates with the decrease of
specific proteins such as Zonula Occludens-1 (ZO1), occludins,
and claudins (Chou et al., 2018). Adherent junctions are found
in the cells of the basal zone and their composition of calcium-
dependent adhesion molecules, such as cadherins, are crucial to
keep the apical-basal polarity and to prevent their premature
differentiation into neurons (Miranda-Negron and Garcia-Arraras,
2022). This finding is consistent with that observed in the cells
of the proliferative zones of the hCOs. Transcriptomics scRNAseq
showed that hCOs increase the proportion of cells in the outer RGC
cluster, and the generation of this oRG population is essential to
recapitulate proper human-specific neocortex development and to
study the mechanisms of expansion in vitro using hCOs.

Some cells in the proliferative zone present centrioles,
primary cilia, and membrane clathrin-coated pits, and the
structures that serve several functions of importance for proper
neurodevelopment. Centrioles are the base structure for the correct
organization of microtubules during cell division, but they are also
the basis for the origin of the basal body, which will give rise to
the primary cilium (Preble et al., 1999). The primary cilium has an
important role in cortical development and behavior of the RGCs,
and its assembly/disassembly is linked to the cell cycle. It seems
to play a role in the balance between self-renewal and asymmetric
cleavage of RGCs (Bear and Caspary, 2024). Problems in the cilium
assembly may be associated with increased proliferation of neural
progenitors and macrocephaly, while its disassembly may produce
the opposite effect while generating premature differentiation and
cell death (Matsumoto et al, 2019). In addition, it has been
observed that the primary cilium plays a role as a receptor for
signals involved in cell development and differentiation (Yamamoto
and Mizushima, 2021; Bear and Caspary, 2024). Clathrin-coated
pits in the surrounding ciliary pocket play a role in receptor
internalization (Lampe et al., 2016; Camblor-Perujo and Konon-
enko, 2022).

Neurons that are produced very early in development inherit
the apical-basal polarity of RGCs and migrate to the cortical plate
by somal translocation (Conti and Cattaneo, 2010). Neuronal-like
morphology cells surrounding the proliferative zones are observed
in the hCOs. Studies of migration using labeled neurons have been

Frontiersin Cellular Neuroscience

carried out previously using organoid models (Birey et al., 2017,
2022).

The ultrastructure features that we observed in the neurons
of the hCOs are consistent with those described previously in the
brain (Garcia-Cabezas et al., 2016; Kutukova et al., 2020; Nahirney
and Tremblay, 2021). The nucleus of the neuron presents several
nuclear membrane indentations, perinuclear heterochromatin, and
a rounded and well-defined nucleolus. The cytoplasm is usually
paler with various organelles such as mitochondria, lysosomes, and
Golgi complex near the nucleus, and only in some cases, glycogen
granules are observed (Ong and Garey, 1991; Kutukova et al., 20205
Nahirney and Tremblay, 2021).

Once neurons have been generated and undergone radial
migration, the neurite differentiation begins. In the results, we
present longitudinal and transversal sections of neurites that show
arranged numerous microtubules (Hoffmann et al, 2021). In
neurites, we found mitochondria that could migrate using the
microtubules, and as previously described, these mitochondria are
small in axons, whereas dendritic mitochondria are often much
longer linked with synaptic plasticity and neurite branching (Lewis
etal., 2018).

The proportion of cells in the clusters of IN and EN obtained
with scRNAseq increases with the time of maturation and presents
functional differences at the transcriptomic level. In the neuronal
clusters of hCOs that were cultured for 60 days compared to those
cultured for 45 days, we found that the differentially expressed
genes (DEGs) were upregulated and were enriched in pathways
characteristic of neuronal functional development (regulation
of synaptic transmission, neurotransmitter receptor transport...),
while downregulated DEGs were linked to differentiation and
developmental processes (regulation of developmental growth,
the proliferation of neuronal precursor cells...). In addition, we
observed changes in the expression of some genes related to
neuronal cell maturation, such as gene changes for potassium ion
channels (KCND2, KCNBI, and KCNQ2) and neurotransmitter
receptors such as glutamate ionotropic receptor AMPA (GRIA4),
glutamate ionotropic receptor NMDA Type Subunit 2A (GRIN2A),
and GRIPAPI, over time in culture. These changes in gene
expression throughout the development are in accordance with
previously published research on the development of the human
prefrontal cortex (Herring et al., 2022).

The astrocytes are the most highly represented cell type in
the brain and are critical for brain function, such as supporting
or providing metabolites to neurons (Guillamoén-Vivancos et al.,
2015). Astrocytes are in close contact with dendrites due to
their participation in synapsis; for example, the perisynthesis
astrocytic processes (PAPs) produce neurotransmitters (Morita,
2023). We observed in the hCOs, which are close to neurons,
that cells consistent with the ultrastructure of astrocytes were
reported in the literature (Cragg, 1976; Nahirney and Tremblay,
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FIGURE 3

Generation of astrocytes in the hCOs. (A) Representative images of the hCOs immunostained for GFAP, S1008 (green), and Hoechst (blue). White
dashed lines represent the area corresponding to the proliferative zones. Scale bar = 100 um. (B) Relative quantification by RT-gPCR of GFAP and
S100B. Data represent mean £ SD (n = 4 for each experiment). Statistical analysis was performed using a one-way ANOVA. *p < 0.05; ***p < 0.001.
(C, D) Representative transmission electron microscopy (TEM) images of astrocytes. The astrocyte in image (C) is surrounded by several neurons (NC)
and dendrites (D). The nucleus (N) shows euchromatin. Glycogen inclusions could be seen in the cytoplasm (red arrowhead). Scale bar = 2 um. The
astrocyte in image (D) shows an astrocyte process with a big mitochondrion (m). Scale bar = 1 um. (E) The magnification of the black boxed area of
image (C). The cytoplasm contains glycogen inclusions (red arrowhead), together with numerous mitochondria (m), endoplasmic reticulum (ER), and
(Continued)
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FIGURE 3 (Continued)
lysosomes (L). Scale bar = 500 nm. (F) The magnification of the black boxed area of image (D). The multitude of intermediate filaments (black

arrowhead) expanding in the cytoplasm is visible, and some scattered microtubules (black arrow). Scale bar = 500 nm. GFAP, Glial Fibrillary Acidic
Protein; IND, neural induction; DIFF, differentiation; MAT, maturation.
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FIGURE 4

Oligodendrocyte precursor cells (OPCs) and microglial-like cells found in the cerebral organoids (hCOs). (A) Representative images of the hCOs
immunostained for CNP (red), IBA1 (green), and Hoechst (blue). White dashed lines represent the area corresponding to the proliferative zones. Scale
bar = 100 um. (B) Relative quantification by RT-qPCR of PDGFRA, PLP1, and AlF1. Data represent mean =+ SD (n = 4 for each experiment). Statistical
analysis was performed using one-way ANOVA. **p < 0.01; ***p < 0.001. (C) Representative transmission electron microscopy (TEM) images of an
oligodendrocyte. The nucleus (N) contains abundant heterochromatin (red arrow). Scale bar = 2 um. (D) The magnification of the black boxed area
of image (C). The cytoplasm contains glycogen deposits (red arrowhead), mitochondria (m), endoplasmic reticulum (ER), and intermediate filament
(black arrowhead). The nucleus shows heterochromatin (red arrow). Scale bar = 500 nm. (E) TEM image of a microglial cell with abundant
heterochromatin (red arrow) in the nucleus (N). Endoplasmic reticulum (ER) can be seen in the scant cytoplasm. Scale bar = 1 um. IBA1/AIF1, ionized
Ca?*-binding adapter protein 1; PDGFRA, platelet—derived growth factor receptor alpha; PLP1, proteolipid protein 1; CNP, CNPase; IND, neural
induction; DIFF, differentiation; MAT, maturation.

2021; Morita, 2023). The low electron density in the nucleus of  are needed for the high energy rate that astrocytes provide to
the astrocyte with the presence of euchromatin and a lack of  neurons (Cragg, 1976; Aten etal., 2022).

heterochromatin could be explained by the synthesis of metabolites The presence of multiple IFs in the cytoplasm could be
and neurotransmitters. Astrocytes in the hCOs present an elevated ~ explained by the structural function of astrocytes (Cragg, 1976;
number of mitochondria, and accumulations of glycogen granules ~ Pekny and Wilhelmsson, 2006; Nahirney and Tremblay, 20215 Aten

Frontiersin Cellular Neuroscience 10 frontiersin.org


https://doi.org/10.3389/fncel.2024.1406839
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Mateos-Martinez et al.

et al, 2022). These IFs are mainly composed of GFAP, which
is the main astrocyte-associated marker (Bignami et al, 1972;
Giménez Y Ribotta et al., 2000). However, astrocyte IFs are also
detected to be heteropolymers with the presence of Vimentin
(Pekny and Wilhelmsson, 2006; Hohmann and Dehghani, 2019).
In TEM images, we also observed microtubules. Previously, it
has been reported that the rat nerve at birth shows astrocytes
that contain microtubules, but during maturation, microtubules
disappear almost entirely from the cytoplasm and are replaced by
IFs (Peters and Vaughn, 1967; Weigel et al., 2021).

The presence of neurons and astrocytes has been described in
hCOs much more frequently than the presence of oligodendrocytes
(Pavlinov et al., 2023). Several diseases are related to the
malfunction of oligodendrocytes because they execute myelination,
assisting in the transmission of the electrical impulse and
providing metabolic support to the axons. However, ultrastructural
studies of oligodendrocytes in human brain tissue are scarce.
Oligodendrocyte precursor cells (OPCs) (Marton et al, 2019;
Cristobal and Lee, 2022) express markers, such as PDGFRA, and
they differentiate into pre-oligodendrocytes or pre-myelinating
oligodendrocytes (pre-OLs), which can be labeled for CNPase (Fard
et al., 2017). The OPCs in the hCOs exhibit an accumulation
of heterochromatin attached to the nuclear membrane and
in their cytoplasm, many small mitochondria, and dilated
short endoplasmic reticulum (Nahirney and Tremblay, 2021;
De Kleijn et al, 2023). In comparison, a study conducted
by Ulloa-Navas et al. (2021) showed that the ultrastructure
of the cell found in the hCOs is similar to mature human
oligodendrocytes; however, we cannot see myelin sheaths close,
although there is an expression of the myelin protein PLPI.
We suggest that this could be due to myelin studies requiring
exquisite fixation.

Microglia are the immune cells in the brain mediating
inflammatory responses and are also crucial for the regulation of
developmental, homeostatic, and pathological processes associated
with vasculature, synapses, and myelinization of axons (Salter
and Stevens, 2017). The generation of neurons, astrocytes,
and oligodendrocytes are derived from common neural stem
cell progenitors; however, the origin of microglia cells is
mesodermal (Garaschuk and Verkhratsky, 2019) and they are
present in the hCOs, which is probably due to the use
of an unguided generation protocol (Gonzdlez-Sastre et al,
2024).

Microglia cells found in hCOs can be discerned by TEM
from other cell types by their small size and characteristic
heterochromatin near the nuclear envelope. As previously
described, the microglia cells present a thin cytoplasm that contains
a few organelles as long stretches of endoplasmic reticulum, and
it could be visible in some cases in the mitochondria, Golgi
saccules, and lysosomes (Savage et al., 2018). The ultrastructural
feature associated with the disease is the presence of dark
microglia, which display many signs of cellular stress such
as dark cytoplasm, nuclear and chromatin condensation, and
great dilation of their endoplasmic reticulum (St-Pierre et al,
2019).

This detailed characterization, in addition to validating the
hCO model, paves the way for the study of cellular structural
changes associated with neurodevelopment.
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radial glia (pro-RG). (B) Bar plot displaying the proportion of each cluster of
cells for hCOs after culturing for 45 days and 60 days. A dot plot indicating
the expression of cell type-specific marker genes. The dot size represents
the percentage of cells expressing the gene and the color gradient from low
(blue) to high (red) indicates the average relative expression. (C) Violin plots
showing the expression for VIM, SOX2, DCX, and MAP2 for hCOs after
culturing for 45 days and 60 days. (D) The dot plot showing the expression
for the cellular cluster of marker genes of CR: Cajal-Retzius; CP: choroid
plexus; FD: forebrain dorsal; FV: forebrain ventral; HY: hippocampus; and
MB/HB: midbrain and hindbrain. (E) Representation of enriched GO terms
for upregulated and downregulated DEGs of the hCOs after culturing for 60
days versus after culturing for 45 days in the excitatory neurons cluster
(Done from ReviGO).
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