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Cortical brain organoid slices (cBOS) for the
study of human neural cells in minimal networks

Laura Petersilie,” Sonja Heiduschka,” Joel S.E. Nelson,’ Louis A. Neu,' Stephanie Le,” Ruchika Anand,®
Karl W. Kafitz," Alessandro Prigione,”** and Christine R. Rose'#>*

SUMMARY

Brain organoids derived from human pluripotent stem cells are a promising tool for studying human neu-
rodevelopment and related disorders. Here, we generated long-term cultures of cortical brain organoid
slices (cBOS) grown at the air-liquid interphase from regionalized cortical organoids. We show that cBOS
host mature neurons and astrocytes organized in complex architecture. Whole-cell patch-clamp demon-
strated subthreshold synaptic inputs and action potential firing of neurons. Spontaneous intracellular cal-
cium signals turned into synchronous large-scale oscillations upon combined disinhibition of NMDA recep-
tors and blocking of GABA, receptors. Brief metabolic inhibition to mimic transient energy restriction in
the ischemic brain induced reversible intracellular calcium loading of cBOS. Moreover, metabolic inhibi-
tion induced a reversible decline in neuronal ATP as revealed by ATeam1.03YEVK, Overall, cBOS provide
a powerful platform to assess morphological and functional aspects of human neural cells in intact minimal
networks and to address the pathways that drive cellular damage during brain ischemia.

INTRODUCTION

Studying the human brain and its development is crucial if we want to understand how neurological and neurodevelopmental disorders arise.
However, although these diseases are a leading cause of disability worldwide,” the complexity of the human brain hampers the establish-
ment of approaches aiming at unveiling mechanistic disease aspects. Investigating neuronal disorders in patients is challenging due to the
inaccessibility of brain cells. Moreover, peripheral cells and postmortem investigations provide only limited help for capturing disease-initi-
ating events.” Animal models also exhibit important limitations, given the unique aspects of human neurodevelopment that are not recapit-
ulated in rodents.” These differences can be appreciated also macroscopically, as the human brain is gyrencephalic, while the rodent brain is
lissencephalic.”® Indeed, some human neurological and neurodevelopmental diseases cannot be easily reproduced in rodents, hindering the
translation of animal research to human medical applications.

A major breakthrough in studying human brain development came from the discovery that human pluripotent stem cells (hPSCs) can be
coaxed into three-dimensional (3D) structures that recapitulate features of the developing human brain.”® These structures, defined as neural
organoids or brain organoids, are now being recognized as an important tool to gain essential information with respect to human neurode-
velopment and its related disorders.®”'% In fact, brain organoids can reproduce key features of the fetal human brain, including its cellular
architecture, cell composition and diversity, and neural maturation.”'" Brain organoids can also exhibit network-like activity suggesting
the presence of neural communication.'? For these reasons, in recent years there has been an increasing amount of studies demonstrating
how brain organoids can be used to model neurological and neuropsychiatric diseases to capture pathological mechanisms and unveil tar-
gets of intervention.”"*"®

Despite these important advances, key aspects related to 3D brain organoids still require improvement. In fact, it has become clear that
upon continued growth of brain organoids in 3D, cellular maturation and viability are hampered by an insufficient delivery of oxygen and nu-
trients to their core regions.'®'” Because of this, brain organoids in 3D do not increase beyond a certain size, as they gradually develop cell
death in the central regions. In addition, the structure of large-diameter 3D brain organoids complicates the direct probing of neuronal func-
tionality. To circumvent these limitations, several laboratories have recently introduced long-term culturing of slices prepared from whole-
brain cerebral organoids grown at the air-liquid interphase (ALI-COs)."®"” Such cultures of sliced organoids show reduced cell death in
the central region and improved growth and cellular maturation as compared to 3D brain organoids.'®*°? Moreover, cultured brain
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organoid slices enable a more direct access to the tissue, facilitating the implementation of functional assessment of the developing neural
network e.g., through multielectrode array (MEA) recordings or cellular calcium imaging.'®?'=

In the present work, we followed this strategy and report a protocol for establishing robust cortical brain organoid slices (cBOS) derived
from regionalized cortical organoids that can be maintained in prolonged culture at the air-liquid interface. Given the homogeneous and
spherical morphology of cortical organoids, cBOS show a uniform roundish appearance and develop well-organized and connected struc-
tures of neurons and astrocytes. Single-cell electrophysiological recordings revealed subthreshold synaptic inputs and neuronal action po-
tential firing whereas calcium imaging demonstrated spontaneous intracellular calcium transients as well as large synchronous oscillations
upon disinhibition, indicating that cBOS represent a functionally active, synaptically connected neural network. Exposure of cBOS to phar-
macological inhibitors of glycolysis and oxidative phosphorylation to mimic hypoxic-ischemic conditions resulted in a rapid increase in intra-
cellular calcium concentrations. The increase in cellular calcium was accompanied by an immediate loss of cellular ATP. In conclusion, these
results demonstrate that ATP depletion under ischemic conditions induces cellular calcium loading in a developing human cortical network in
culture. Furthermore, they suggest that cBOS may serve to elucidate the molecular pathways and consequences of ischemia-induced rapid
ion dysregulation, thereby helping to identify novel cellular targets to counteract cell damage in the developing human brain during meta-
bolic failure.

RESULTS
Generation of long-term cultures of cortical brain organoid slices (cBOS)

The workflow to generate and functionally characterize cBOS includes several steps (Figure 1). First, we generated regionalized cortical or-
ganoids following our published protocol”” which is a modified version based on the procedures introduced by Velasco and colleagues.” To
enhance robustness, we implemented an AggreWell-based pipeline that was described by Miura and colleagues.”’ Cortical organoids were
kept on an orbital shaker accompanied with subsequent media changes until 70-79 days in vitro (DIV, Figure 1A).

For the preparation of organoid slice cultures, we modified previous protocols published for unguided whole-brain cerebral organoids'®
and for organotypic tissue slice cultures of mouse brain.”®*” In brief, cortical organoids were washed in Hank's balanced salt solution (HBSS)
and embedded in low melting point (LMP) agarose for the preparation of acute, vital slice preparations. Agar blocks were bathed in cold
HBSS and 300 um slices were generated using a vibratome. As a modification to a procedure published earlier for unguided cerebral organo-
ids,'® slices were washed in pre-warmed HBSS and then placed on cell culture inserts. Visual inspections throughout the entire process
ensured the integrity of the slices. The slices were immediately transferred to an incubator at 36°C at the interface between humidified carb-
ogen (5% CO,/95% O,) and culture medium, and subsequently grown with daily media exchange (Figure 1B). cBOS were used for further
analysis between additional 28-245 days after their generation (Figure 1C). Hereafter, the term “DIV" is referred to the total days in culture
of the mentioned preparation. Hence for cBOS, DIV include the days in culture as 3D cortical organoid structures plus the days as cultured
slices.

cBOS host mature neurons and astrocytes and exhibit pre- and post-synaptic markers
Cortical organoids showed an homogeneous spherical shape,””*° a feature that is advantageous to improve robustness and reproducibility.
To study the cellular organization and maturation of cortical organoids prior to cBOS generation, we sliced 3D cortical organoids at DIV 70 in
100 um-thick slices and labeled them for different neural markers (Figure 2).

As previously reported,””?**° neural progenitors positive for paired box protein 6 (PAX6) showed an organized architecture, as seen by
ring-shaped arrangements mostly devoid of cellular structures in their center, indicating the formation of ventricle-like neurogenic zones (Fig-
ure 2A, top). Beta-lll tubulin (TUJ1) (Figure 2A, top & center) as well as microtubule-associated protein 2 (MAP2) staining (Figure 2A, bottom)
identified neuronal cells throughout the preparation, demonstrating the presence of developing neurons. Importantly, we confirmed the
presence within cortical organoids of cells positive for the transcription factor COUP TF1-interacting protein 2 (CTIP2), which is a marker
18,21 (Figure 2A, bottom). We also identified GFAP-positive cells, which is a marker for as-
trocytes and cells of the astrocyte lineage, that mainly developed at the exterior borders of the organoids (Figure 2A, center).”’ Ultrastructural

of deep layer neurons within the developing cortex

analysis by transmission electron microscopy showed elongated mitochondria containing lamellar-type cristae structures, indicating the pres-
ence of mature mitochondria (Figure 2B).

Next, we probed for the presence of prototypical synaptic proteins in cortical organoids based on synapsin 1 (SYN1) and vesicular gluta-
mate transporter 1 (VGLUT1), which are both expressed at pre-synaptic terminals. Post-synaptic structures were visualized by labeling of
HOMERT1 and post-synaptic density protein 95 (PSD95). All synaptic markers were abundantly present within cortical organoids, suggesting
the presence of mature synapses (Figure 2C). Taken together, the regionalized cortical organoids recruited for cBOS production exhibited
both abundant neural progenitor cells and mature, synapse-bearing neurons and astrocytes, as well as the presence of CTIP2-positive deep
layer neurons.

The general organization of cBOS was analyzed at DIV 98-102 (i.e., 28-32 days after their preparation from organoids). Given that the
cortical organoid protocol results into homogeneous spherical organoids, cBOS had a mostly circular shape with an average diameter of
about 2 mm (N = 5) at DIV 98-100. Staining with Propidium lodide (Pl), a well-established marker for assessing cell death (e.g.,37'33)
that cBOS at DIV 107-116 were essentially Pl-negative, exhibiting only occasional Pl-positive cell bodies throughout the entire preparation
(N = 3; Figure S1). In negative controls, treated with the solvent of Pl only (omitting Pl), untreated cBOS never displayed any label (N = 3; not
illustrated). When we induced a scratch wound across a cBOS at DIV 107-116 (N = 3), Pl-staining (performed 22 h after the scratch) revealed

showed
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Figure 1. Generation of long-term cultures of cortical brain organoid slices (cBOS)

(A) Scheme of cortical organoid generation. iPSCs were cultured in 6-well plates in iPS-Brew medium. After detaching and dissociating cells, cell suspension was
transferred into different cortical differentiation media (CDMI-IV) and cultured in 96-well plates on an orbital shaker until DIV 70-79. The photomicrographs in the
bottom row show representative images at days 1, 18, 35, and 70. Scale bars, 400 um.

(B) Scheme of cBOS preparation. Following a wash step, up to 5 cortical organoids were embedded in a block of low melting point agarose, and sliced at a
precision microtome. Slices were transferred onto interface membranes in 6-well plates and cultured for up to DIV 315. Scale bars, 1 mm.

(C) Scheme of approaches for morphological and physiological characterization of cBOS. cBOS were immunohistochemically characterized (top left and center),
passively loaded with a chemical ion sensor (bottom left), transduced with a genetically-encoded sensor for ATP imaging (right), or functionally characterized by
electrophysiology or ion imaging (center).

the site of injury by brightly stained cells at the edge of the wound and a decreasing number of Pl-positive cells toward the periphery, i.e.,
toward the still healthy tissue. Finally, a strong staining of the entire tissue was obtained after exposing DIV 107-116 cBOS to glucose-free
ACSF, to which 2 mM 2-Deoxy-D-glucose (2-DG) and 5 mM sodium azide (NaN3) had been added for 10 min to block cellular ATP production
("chemical ischemia”) (N = 3; Figure S1). These experiments indicate the absence of regions with increased cell death in ¢cBOS under control
conditions. Nuclear staining moreover revealed a high density of cells throughout the entire preparation, again suggesting the absence of
necrotic regions (Figure 3A). The same was true for cBOS maintained in culture for prolonged periods (up to DIV 315), which had grown to an
average diameter of 3.5 mm (N = 4) and showed a high density of cells in their center regions (Figure 3A).

Prominent ring-shaped arrangements, presumably representing ventricle-like zones, were detected in the majority of DIV 98-102 ¢cBOS
(Figure 3A). Staining for MAP2 and TUJ1 revealed a dense network of fasciculated structures, indicative of neuronal fiber tracts in DIV
100-116 cBOS (Figures 3B and 3C). In addition, DIV 98-116 cBOS hosted a large number of S100B-positive (Figure 3B) as well as
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Figure 2. Cortical organoids host neural progenitors as well as mature neurons and astrocytes

(A) Top: Immunofluorescence labeling of the neuronal marker TUJ1 and the neural progenitor marker PAXé in cortical organoids at DIV 70. Center: Double-
staining for TUJ1 and GFAP, a marker for astrocytes and cells of the astrocyte lineage. Bottom: Double-staining for MAP2 (neurons) and CTIP2 (marker of
deep layer neurons). Nuclei are stained with DAPI. Merge shows the overlay of three channels. Scale bars, 200 um.

(B) Representative images from transmission electron microscopy of cortical organoids at DIV 107 show elongated mitochondria (arrows) with lamellar cristae.
The endoplasmic reticulum is marked by stars. Scale bars, 500 nm.

(C) Immunofluorescence labeling for the pre-synaptic markers synapsin 1 (SYN1) and vesicular glutamate transporter 1 (VGLUT1) as well as the post-synaptic
markers HOMER1 and post-synaptic density protein 95 (PSD95) in cortical organoids at DIV 70 (SYN1 and HOMER1) and at DIV 78 (VGLUT1 and PSD95).
Nuclei are stained with DAPI. Merge shows the overlay of two channels. Scale bars, 50 pm.
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Figure 3. cBOS host mature neurons and astrocytes

(A) Stitched wide field images display the overall structure and size of DAPI-labeled cBOS at different DIV (DIV 98-315) as indicated. Nuclei are stained with DAPI.
Scale bars, 500 um.

(B) Representative extended-focus projections show detailed cellular organization of MAP2- and S100B-positive cells in cBOS at DIV 100 and at DIV 315 (upper
two panels). The lower two panels show labels for TUJ1 and GFAP at DIV 116 and at DIV 315. Merges show the overlay of three channels. Scale bars, 100 um.
(C) Representative extended-focus projections display details of GFAP-positive cells (left, scale bar, 100 pm) and TUJ1-positive cells (right, scale bar, 50 pm) in
cBOS at DIV 98-116 and 315 respectively. Merge shows the overlay of two channels.

GFAP-positive (Figures 3B and 3C) cells, which showed a high degree of ramification of their processes, suggesting the presence of mature
astrocytes. Comparable staining patterns were observed in DIV315 cBOS stained with these markers (MAP2, TUJ1, S1008 & GFAP) (Figures 3B
and 3C). Notably, an increase in fasciculated MAP2/TUJ1-positive structures was observed at DIV315, indicating an increase in the formation
of neuronal projections and axonal tracts. In addition, areas predominantly hosting somata were found that were separated from areas with
projection pathways connecting the somatic areas, suggesting functional specialization within cBOS (Figures 3B and 3C). Within the projec-
tion tracts, astrocytes were often linearly oriented along neuronal processes, similar to white matter tracts in acute brain tissue samples (not
shown).

Next, we probed for the presence of prototypical synaptic proteins in cBOS using markers of pre-synaptic terminals SYN1 and VGLUT1 and
of post-synaptic structures HOMER1 and PSD95 (Figure 4A). We could detect strong labeling for all synaptic markers, indicating the presence
of mature synapses in cBOS. Volume-view images of MAP2-positive structures moreover indicated that dendrites were densely decorated
with short (1-4 pm long) filopodial structures as well as dendritic spines, the latter characterized by the presence of a presumed spine
neck and head (Figure 4B). Similarly, MAP2 staining revealed cells with a morphology typical of pyramidal neurons, including a pyramidal-
shaped soma and dendrites with putative dendritic spines in DIV 315 cBOS (Figure 4C).

Taken together, these results show that cBOS derived from human cortical brain organoids exhibited ventricle-like neurogenic zones and
exhibited continued cell proliferation and growth in long-term culture. Moreover, they indicate that cBOS hosted a dense network of mature,
synapse-bearing (spiny) neurons as well as mature astrocytes. At about 10 months, cBOS exhibited an increase in neuronal fiber tracts and
fasciculation, indicating an increase in connectivity with prolonged culturing.

cBOS host neurons which receive synaptic input and are able to generate action potentials

Immunocytochemistry revealed a dense network of MAP2-positive fibers in cBOS, suggesting the presence of mature neurons. To probe for
the functional properties of those neurons, we performed electrophysiological recordings of single cells. cBOS were transferred to an exper-
imental chamber that was constantly perfused with artificial cerebrospinal fluid (ACSF). cBOS were inspected in transmitted light, and cells
that exhibited a typical neuronal morphology (oval-round cell body, at least 1-2 visible processes, bright appearance in DIC optics) were cho-
sen and subjected to whole-cell patch-clamp. Addition of Alexa 488 to the intracellular saline enabled the online visualization of the
morphology of the patch-clamped cells (Figure 5A).

Cells held in the current clamp mode had an average resting membrane potential of -51.5 £ 12.5mV and an input resistance of 92 + 23
MQ under zero-current conditions (range: 50-120 MQ; n = 11, N = 11) (Figure 5B). While membrane potentials generally slowly fluctuated by
about 5-7 mV, the majority of cells (8/11 cells) additionally displayed fast sub-threshold depolarizations by 13 &+ 7 mV that lasted 1-2 s (Fig-
ure 5C). 2 of 11 cells recorded from also displayed spontaneous action potentials that showed an overshoot to about +30 mV after which the
membrane potential recovered toward its initial resting value without a clear undershoot (Figure 5D). Addition of tetrodotoxin (TTX, 0.5 uM) to
the ACSF to block voltage-gated Na™ channels strongly dampened the minor fluctuations in the membrane potential (in 3 out of 4 cells);
moreover, fast sub-threshold depolarizations were absent and action potentials never observed (n = 4, N = 4) (Figure 5E).

Analogous behavior was observed when cells were held in the voltage clamp mode (n = 6, N = 6) (Figure 5F). In control conditions, 5/6 cells
showed slow current fluctuations in addition to frequent fast inward currents at an average peak amplitude of 19 + 7 pA, occurring as singular
events or in a burst-like manner. Both slow fluctuations as well as fast inward currents were absent in the presence of TTX in 3 out of 4 cells (Fig-
ure 5G). When subjected to a rectangular, stepwise current injection protocol (from —90 to +260 pA in increments of 50 pA applied for 500 ms),
cells showed large, slowly developing hyperpolarizations with negative current injections (Figure 5H). In 5 out of 11 cells, an initial action potential
was triggered with positive current injection, that was followed by a second, broad and low-peak action potential for higher depolarizing currents
(n=11, N =11) (Figure 5H). Application of TTX abolished the generation of initial fast action potentials (n = 3, N = 3) (Figure 5I).

In summary, these results indicate that cBOS host mature neurons which express functional TTX-sensitive voltage-gated sodium channels
and are capable of generating action potentials. Moreover, they indicate pre-synaptic, action-potential-dependent release of transmitters, as
well as vivid post-synaptic input and synaptic communication between neurons.

cBOS display spontaneous and evoked network calcium signaling

Intracellular calcium signaling is a reliable reporter of neural activity. We performed multi-cell bolus-loading of the chemical calcium indicator
Oregon Green BAPTA-1-A.M. (OGB-1-AM) in cBOS which enabled imaging of intracellular calcium in essentially the entire cellular network in
the field of view (Figure 6A). At physiological temperature (37 £ 1°C), about half (48%) of the cells recorded from exhibited spontaneous so-
matic calcium signals (n = 56/116 cells, N = 5) (Figures 6B and 6C). Signals were usually not synchronized between cells. The percentage of
spontaneously active cells dropped to 21% when cBOS were perfused with TTX (n = 11/53 cells, N = 3) (Figures 6B and 6C). Results obtained at
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Figure 4. cBOS exhibit pre- and post-synaptic markers and presumed dendritic spines

(A) Immunofluorescence labeling for the pre-synaptic markers SYN1 and 'VGLUT1 and the post-synaptic markers HOMER1 and PSD95 in ¢cBOS DIV 125. Nuclei
are stained with DAPI. Merge shows the overlay of two channels. Scale bars, 50 um.

(B) Volume-view snapshot showing neuronal morphology in more detail (dendrites, MAP2-positive) in ¢cBOS at DIV 112 (Scale bar, 15 pm). Note filopodial
structures and presumed dendritic spines characterized by structures reminiscent of spine necks and heads (yellow triangles). Magnifications are shown in
blow ups (B1 & B2). Scale bars, 5 pm.

(C) Representative extended-focus projections reveal the presence of neurons with pyramidal-shaped cell bodies and spiny dendrites in DIV 315 cBOS. Scale
bars, 50 pm (left) and 5 pm (right).

room temperature (22 + 1°C) showed slightly reduced activity; roughly 20% of the cells showed spontaneous calcium transients (n = 54/344,
N = 5; not shown).

To foster network activity, cBOS were perfused with a modified ACSF at 37°C, which was devoid of Mgz+ to unblock ionotropic NMDA
receptors and contained 10 uM bicuculline methiodide, a GABA, receptor antagonist. This protocol has been widely used to induce gluta-
mate-driven recurrent bursting behavior in acute slices of the juvenile rodent hippocampus.®® Several minutes after wash-in, synchronized and
large-scale network calcium activity was observed, involving all cells in the field of view (n = 94, N = 4) (Figure 6D). Signals were long-lasting
(about 10-30 s) and often grouped in bursts consisting of several individual calcium signals (Figure 6D, inset).

Based on these findings, we probed for the presence of ionotropic glutamate receptors in ¢cBOS. Bath application of glutamate (10
s/1 mM) reliably induced calcium signals in all cells recorded from, exhibiting an average relative increase in fluorescence of 13.0 + 8.8%
(n =172, N = 6) (Figures 6E and 6F). Upon wash-in of the NMDA receptor blocker APV (100 uM), the peak amplitude of glutamate-evoked
calcium signals was strongly dampened (to 4.1 £ 3.0%; n = 110, N = 3; p = 0.000, ***). Subsequent combined application of APV and the
AMPA-receptor blocker NBQX (50 pM) resulted in a slight increase in the mean amplitude as compared to application of APV alone
(4.5 4+ 3.7%;n =104, N = 3; p = 0.000, ***) (Figures 6E and 6F). Finally, we bath applied GABA (10 s/1 mM), which induced small calcium signals
with an average amplitude of 4.2 4+ 4.6% in the vast majority of cells analyzed (35/37 cells, N = 3; not shown). In the presence of the GABAA
receptor blocker bicuculline methiodide, the number of cells responding to GABA with an increase in calcium was strongly reduced (26/47
cells, N = 3; not shown).

Taken together, these results demonstrate that cBOS show spontaneous and evoked calcium signaling. The data is in agreement with the
observation that cells within cBOS exhibit functional voltage-gated sodium channels and exhibit spontaneous action potential-related activ-
ity, which will promote intracellular calcium signaling. Our findings moreover provide evidence for the expression of ionotropic NMDA as well
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Figure 5. cBOS host neurons which receive synaptic input and are able to generate action potentials
(A) Multi-photon image of a cell filled with Alexa 488 through a patch pipette (PP) in a cBOS at DIV 114. Image was inverted for illustration purposes. Scale bar,

10 pm.

(B) Boxplot illustrating the membrane potential of cells as determined by current clamp recordings. Shown are mean (red square), median (black line), 25/75
percentiles (box), 1x SD (whiskers) and single data points (gray diamonds). Number of cells: 11, number of slices: 11.

(C) Recordings of the membrane potential of two different cells held in current clamp. Inserts display blow-ups of traces to illustrate large subthreshold

depolarization events.

(D) Current clamp recording showing spontaneously generated action potentials. Inset illustrates action potential at higher temporal resolution.
(E) Current clamp recording in the presence of TTX.

(F) Voltage-clamp recording showing spontaneous fast inward currents. Inset illustrates current at higher temporal resolution.

(

(

G) Voltage-clamp recording in the presence of TTX.
H) Current clamp recording of a neuron subjected to a rectangular, stepwise current injection protocol (=90 pA to +260 pA in increments of 50 pA as indicated).

Inset illustrates initial phase of current injection at higher temporal resolution.
(I) Current clamp recording of a neuron subjected to a rectangular, stepwise current injection protocol in the presence of TTX. Inset illustrates initial phase of

current injection at higher temporal resolution.

as GABA, receptors within cBOS. Thus, cBOS contain a network of highly coupled cells capable of generating large-scale recurrent excitatory
network activity.

Chemical ischemia causes calcium loading and a decline in intracellular ATP in cBOS

The brain has exceptionally high energy needs and requires the constant production of cellular adenosine triphosphate (ATP). Failure of en-
ergy metabolism therefore leads to rapid functional failure and cell death of neurons as observed in human stroke.*¢ Moreover, effective
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Figure 6. c¢BOS display spontaneous and evoked network calcium signaling

(A) Wide field image (MIP of first 5 frames) of an OGB-1-AM loaded cBOS at DIV 147. Dashed lines indicate regions of interest (ROls) 1-4 depicted in (B). Scale bar,
25 um.

(B) Spontaneous changes in intracellular calcium in ROIs 1-4 in control condition (left) and in the presence of TTX (right).

(C) Percentage of active vs. inactive cells in control condition (Ctrl) and presence of TTX.

(D) Synchronous network calcium oscillations in 5 different cells (ROls 1-5) induced by perfusion with Mg?*-free ACSF containing 10 pM of the GABA, receptor
antagonist bicuculline methiodide (0 Mg?*/Bic), washed in 10 min before. The inset on the right shows the period indicated with the dotted box at higher
temporal resolution. Note that even at the low temporal resolution of the imaging experiments (5 Hz), differences in the kinetics of calcium transients can be
detected between individual cells, e.g., different time points of their maximum peaks.

(E) Changes in calcium in a ¢BOS at DIV 99 in response to bathe application of 1 mM glutamate (glut.) for 10 s as indicated by the arrowheads. Left: control;
middle: upon wash-in of the NMDA receptor blocker APV (100 uM); right: upon wash-in of APV and the AMPA receptor blocker NBQX (50 uM). lllustrated
are individual traces of 22 cells (gray) recorded in a single experiment and the corresponding average trace (black).

(F) Boxplots illustrating the peak amplitude of glutamate-induced calcium transients in control (glut.) and with blockers as indicated. Shown are means (red
squares), medians (black lines), 25/75 percentiles (boxes), 1x SD (whiskers) and single data points (gray diamonds). Glut: Number of cells: 172, number of
slices: 6; Glut. + APV: Number of cells: 110, number of slices: 3; Glut. + APV + NBQX: Number of cells: 104, number of slices: 3. ***p < 0.001; not significant:
p > 0.05. For statistical evaluation, data were analyzed by a Kolmogorov-Smirnov normality test. Non parametric data were tested via Mann-Whitney U test.

mitochondrial metabolism is central for neuronal development and for ensuring resilience against neurodegenerative diseases.”’"** We used
cBOS to study the dependence of human cortical cells embedded in a functional network on an intact energy metabolism.

Animal models have shown that calcium overload is a major trigger of cell death in ischemic stroke.?®* Here we tested if ischemic con-
ditions also induce calcium increases in human cBOS. To this end, cBOS were loaded with OGB-1-AM and subjected to pharmacological
inhibition of glycolysis and oxidative phosphorylation (“chemical ischemia”; see above). Perfusion with the metabolic inhibitors for 2 min
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Figure 7. Chemical ischemia causes calcium loading and a decline in intracellular ATP in cBOS

(A) Change in intracellular calcium in a cBOS at DIV 102 induced by a 2-min period of chemical ischemia (blue area). lllustrated are individual traces (21 cells, gray)
and the corresponding average trace (black).

(B) Boxplots illustrating the peak amplitude of calcium transients induced by chemical ischemia. Shown are means (red squares), medians (black lines), 25/75
percentiles (boxes), 1x SD (whiskers) and single data points (gray diamonds). Number of cells: 77, number of slices: 5.

(C) Confocal image of ATeam1.03'EMK

-transduced neurons (excited at 488 nm), expressed under the control of the human synapsin 1 (hSyn1) promotor. Image
was inverted for visualization purposes. Scale bar, 25 um.

(D) Left: Wide field images of fluorescence emission (top: Venus/527 nm; bottom: eCFP/475 nm) of neurons expressing ATeam1.03"EM€. Center & Right: Wide
field images of the fluorescence ratio of Venus/eCFP at baseline level (BL) and during chemical ischemia (C.1.). Colored scale bar indicates ATeam1 03YEMK ratio
with blue representing low and red representing high values. Scale bars, 25 pm.

(E) Relative changes in the ATeam1 .03"EMK ratio of 8 neurons in a ¢BOS at DIV 120 induced by a 2-min period of chemical ischemia (blue area). lllustrated are
individual traces (gray) and the corresponding average trace (black).

(F) Boxplots illustrating relative changes in the ATeam1 03"EMK ratio induced by chemical ischemia. Shown are means (red squares), medians (black lines), 25/75
percentiles (boxes) and 1x SD (whiskers) and single data points (gray diamonds). Number of cells: 48, number of slices: 7. Left: peak changes in the
ATeam1.03"EMX ratio; center: time to peak (TTP); right: full width half maximum (FWHM).

resulted in a long-lasting increase in the intracellular calcium concentration in cBOS (Figure 7A). On average, induction of chemical ischemia
caused an average relative increase in OGB-1 fluorescence by 11.6 + 6.2%, the peak of which was reached after 177 + 50 s and which showed
a full width at half maximum of 297 + 159 s (n = 77, N = 5) (Figure 7B).

To investigate the cellular consequences of brief chemical ischemia on cellular ATP levels, we expressed the genetically-encoded, FRET-
based nanosensor ATeam1.03"EM< (ATeam) under the control of the human synapsin 1 (hSyn1) promotor, allowing us to perform quantitative
imaging of changes in neuronal ATP. Cells transduced with ATeam exhibited typical neuronal morphologies, with pyramidal-shaped to oval
cell bodies from which several long and thin ramifying processes extended (Figures 7C and 7D). Chemical ischemia for 2 min caused an im-
mediate decrease in the ATeam ratio by 20.7 + 6.7% which was reached after 186 + 28 s and exhibited a full width at half maximum of 231 +
51 s (Figures 7E and 7F). ATP levels recovered to levels close to the initial baseline within about 12 min (n = 48, N = 7) (Figure 7E).
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These results thus demonstrate that cBOS are highly sensitive to inhibition of the main metabolic pathways for ATP production, implying
high cellular energy needs. They show that inhibition of glycolytic and mitochondrial ATP production leads to a rapid increase in intracellular
calcium concentrations in human cBOS, accompanied by an immediate decrease in intracellular ATP.

DISCUSSION

In the present work, we describe the characteristics of cBOS obtained from regionalized cortical organoids derived from human pluripotent
stem cells (hPSCs). Human brain organoids from hPSCs represent a powerful tool to study human neurodevelopment as they reproduce
several key steps of neural maturation.”'" However, with their continued growth in culture conditions, their sophisticated 3D structure also
may inherit hypoxic/ischemic conditions and insufficient nutrient supply to their inner core, resulting in cell death and restricted cellular dif-
ferentiation.'®"’*? To improve cellular energy supply, brain organoids can be grown in spinning bioreactors,'® but necrotic cores may still
develop over time."” Different approaches have thus been attempted, including assembly with endothelial cells to increase vascularization,
and grafting of brain organoids into mouse brain.”“*? Such approaches are usually low throughput and, owing to their complexity, not yet
readily applicable to all laboratories. In addition to maturation aspects, the structure of large-diameter 3D brain organoids complicates the
direct probing of neuronal functionality. The specific targeting and live-cell analysis of neural cells in layers well below the surface can be chal-
lenging and may require sophisticated technical approaches such as multiphoton- or multidimensional light-sheet imaging or Neuropixels
probes.”>**"* Some of the above mentioned limitations related to maturation and functionality may be circumvented by preparation of acute
slices or the dissociation and subsequent culturing of cells from human brain organoids, facilitating investigation of functional cellular prop-
erties.® Nonetheless, acute slices do not prevent the presence of a necrotic core in developing 3D organoids and are viable for a few
hours only.

Cultures of sliced air-liquid interphase cerebral organoids (ALI-COs) can solve some of these issues. They have been generated starting
from whole-brain cerebral organoids.'®'®'” More recent approaches guided the 3D differentiation toward region-specific identities for
establishment of cortical organoids, striatal organoids, midbrain organoids and many more.***” Such patterned and regionalized brain or-
ganoids appear to be more homogeneous and robust,”® and can also be used to study the interplay between different brain regions through
the assembly in vitro of different regionalized brain organoids.”® Compared to 3D brain organoids, slices from brain organoids kept in long-
term culture show reduced cell death in the central region and improved growth and cellular maturation.'®?%?" A clear disadvantage of or-
ganoid slices is the reduction in tissue complexity and the loss of a larger 3D structure combined with the loss of already established connec-
tions and a necessary re-organization of the tissue. In that sense, organoid slices show less resemblance and comparability to the developing
human brain.

An important advantage of sliced organoids is that they enable a more direct access to the tissue. This aspect can facilitate the imple-
mentation of multi-electrode array recordings for measurement of extracellular field potentials and neuronal spiking activity.'®?"2324
Importantly, cultured organoid slices also enable better standardization and comparability of experimental results because multiple slices
can be derived from the same organoid and further employed in downstream assays for drug screening or disease modeling applications.
In the present study, we utilized these advantages of organoid slices. Our results show that cBOS at DIV 107-116 were essentially Pl-nega-
tive, suggesting negligible cell death at this culturing stage. cBOS could be kept for extensive culture on an the air-liquid interface. Even
with prolonged culturing, cBOS maintained a high labeling density and fluent labeling for DAPI throughout the entire preparation
including the center regions, suggesting the lack of massive cell death as often found in the inner core parts of older brain organoids
cultured in 3D.'¢182

As observed for their “parent” cortical organoids, DAPI staining indicated the presence of ventricle-like zones in cBOS. In addition, dense
labels for neuronal structures (MAP2-positive) were found, implying the presence of mature neurons. MAP2 immunolabelling also indicated a
fasciculation and formation of neuronal fiber tracts in addition to filopodia and spine-like structures along dendrites. Different pre- and post-
synaptic markers, including PSD95 and VGLUT1 for glutamatergic synapses, revealed the presence of mature chemical synapses. Notably, at
DIV >300, cBOS exhibited an increased fasciculation of neuronal fiber tracts as compared to about 3-4 months in culture, indicating increased
formation of axonal projections and increased connectivity. cBOS moreover hosted S1008- and GFAP-positive cells with a high degree of
ramification, demonstrating the presence of cells of the astrocyte lineage as well as of mature astrocytes, which are essential for fully functional
neuronal activity. Hence, we conclude that cBOS can develop to an intact, synaptically connected neural network hosting mature neurons and
astrocytes.1218:21:23.24

While we did not probe for cells of the oligodendrocyte lineage, it is known from previous studies that the maturation of oligodendrocytes
in brain organoids is a rather lengthy and non-efficient process. In line with this, earlier work performed in cultured slice preparations prepared
from cerebral or forebrain organoids mostly identified cells of the oligodendrocyte lineage and/or precursor cells even at prolonged times in
culture.?>?" Several laboratories have therefore developed specific protocols to promote their differentiation from OPCs and to induce the
production of myelin.*=>

We also employed cBOS for an array of functional experiments. By performing whole-cell patch-clamp recordings from individual neurons,
we found frequent spontaneous inward currents as well and vivid, sub-threshold depolarizing potentials. Both forms of activity were damp-
ened upon blocking voltage-gated Na* channels with TTX, indicative that they originated from weak (subthreshold) excitatory synaptic in-
puts. Injection of depolarizing current resulted in the generation of action potentials, again a signature of functional neurons. Moreover,
some neurons showed spontaneous action potential generation, which is in line with earlier MEA recordings reporting spontaneous spiking

in human brain organoids as well as in cultured organoid slices.'?'%21:2%24:43,53,54
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Imaging experiments revealed analogous spontaneous calcium transients. We found that about 50% of cells within cBOS exhibited irreg-
ular calcium signals, which were dampened by perfusion with TTX, indicating their dependence on action potential activity. Spontaneous
Ca®" signaling was also reported from different preparations of whole brain organoids, neurons dissociated from them, or cultured organoid
slices (e.g.,”#77"4“495% indicating that cells in cBOS exhibit repeated, transient phases of activity.

Besides spontaneous calcium signaling, all cBOS cells recorded showed large, APV-sensitive increases in calcium upon bath perfusion of
1 mM glutamate, indicating the expression of ionotropic NMDA receptors as found for human cortical spheroids.” A similar observation was
made upon application of 1 mM GABA, albeit signals were much smaller and a minority of cells (2 out of 37) did not respond. In the majority of
cells, GABA-induced calcium increases were blocked upon perfusion with bicuculline methiodide, indicating that they were mediated by
GABA, receptor activation. Notably, while glutamatergic neurons are generally the most abundant cell type in human brain organoids,
several studies also demonstrated the presence of interneurons and of GABAergic synapses, respectively.”'®>”*% In line with these results,
disinhibition of NMDA receptors by perfusing slices with magnesium-free saline while blocking GABAA-receptors turned the irregular calcium
spiking pattern seen in about half of the cells into large, synchronous bursts of calcium signaling in all cells recorded from. This result indicates
that essentially all cells of the cBOS network are already well-connected at this time point and capable of generating large-scale coordinated
activity. In acute slice preparations from rodent hippocampus, the latter approach has been employed routinely to evoke highly synchronous
epileptiform discharges.”” " Electrophysiological recordings showed that in the latter preparation, the excitation usually arises in one region
of the preparation and then within 10-20 ms travels to neighboring areas.””*? Notably, even with electrodes separated by 150 pm, epilep-
tiform activity was thus synchronous in all electrodes within a time window of 30 ms.>” Our calcium imaging experiments in cBOS were per-
formed at 5 Hz, and cells therefore seemingly react identically independent from the location of their cell body (a phenomenon also observed
e.g., in the immature cortex, see“).

Synchronized bursting activity and oscillatory network events are a hallmark of organoid preparations, usually developing from sponta-
neous irregular patterns after several months of growth.'”***° This recurrent activity is reminiscent of spontaneous early network calcium
oscillations of neonatal rodent forebrain.'>* Coordinated, experience-independent patterns of synchronized spontaneous activity were also
detected in the developing human brain in utero or in preterm human neonate brain, where they have been proposed to shape the devel-
opment of neuronal networks.'**’

In the newborn, hypoxic-ischemic periods and the resulting decline in the cells’ capacity for ATP production are a major cause of neuro-
logical disabilities.*® Moreover, physiological mitochondrial metabolism is emerging as important regulator of early neurogenesis and may
set the species-specific temporality of neurodevelopmental processes.'**%¢”’% New treatment strategies are desperately needed to limit
damage to the developing human brain caused by ischemia and energy deprivation.’® Brain organoids have recently been proposed to
fill this gap and to allow new insights into the molecular mechanisms of ischemia-induced injury.'***’" The development of a necrotic
core in brain organoids may, however, alter the expression of mitochondrial genes for oxidative phosphorylation.'’

In the present study, we used cBOS to study the functional consequences of a failure of energy metabolism. To the best of our knowledge,
our data show for the first time that inhibition of glycolytic and mitochondrial ATP production leads to an immediate decrease in intracellular
ATP in human cortical cells embedded in a functional minimal network. Upon subjecting cBOS to 2 min of chemical ischemia, the ATeam ratio
decreased by about 20%. Assuming an intracellular baseline ATP concentration of 2.5 mM, and based on our earlier in situ-calibrations,””’?
this corresponds to a decline in ATP by about 0.11 mM. The latter is less than half of that observed upon the same manipulation in neurons of
organotypic slices of the mouse neocortex,”® suggesting a moderate ATP consumption of cBOS neurons under these conditions. Notably,
cBOS neurons readily recovered close to their initial ATP levels upon wash-out of the drugs, indicating re-installment of efficient ATP produc-
tion. This indicates that cBOS neurons can well withstand transient metabolic stress and are not in a functionally impaired metabolic state as
suggested for some organoid protocols.'”’* Chemical ischemia also induced a rapid increase in intracellular calcium concentrations in human
cBOS, a finding that had not been reported before. Animal models have shown that calcium overload is a major trigger of cell death in
ischemic stroke,*>* and based on our results, we propose that ischemia-induced calcium accumulation may also be a highly relevant trigger
of cell damage in the ischemic human brain.

In conclusion, our results show that cBOS represent well-accessible networks of human-derived cortical tissue in controlled culture con-
ditions, which are functionally active, synaptically connected, and capable of generating large-scale coordinated network activity. Their
limited thickness, good technical and experimental accessibility, as well as their robustness and ease of handling make them an ideal tool
for morphological and functional analyses employing techniques such as multiple- or single-cell electrophysiology or standard fluorescence
imaging. Importantly, cBOS also represent a system with increased standardization and comparability as multiple slices can be derived from
the same brain organoid and further employed in downstream assays for drug screening or disease modeling applications. Our results also
show that cBOS will enable the study of the molecular pathways that drive cellular damage caused by hypoxic-ischemic conditions. The iden-
tification of potential new therapeutic targets in cBOS promises to improve the translation of these findings to the developing human brain to
ameliorate ischemia-related neurological complications and dysfunction.

Limitations of the study

In addition to the potential pitfalls of generating cultured slice preparations from brain organoids described above, the limitations of the
study relate to the intrinsic properties of current experimental procedures to generate brain organoids. These preparations are limited
owing to the restricted time they can be kept in culture, and are thus mostly regarded as a model system for the study brain develop-
ment.>? The same holds true for cBOS introduced here. While we kept these preparations for more than 300 days, this is still a rather
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restricted period when compared to human brain development and maturation. Moreover, while human brain organoids are now widely
used to study the properties of human brain networks, they typically consist of cells belonging to the neuro-ectodermal lineage and their
lack of intrinsic vascularization and microglia are still main limitations.*”’> Hence, also the cBOS described here cannot be used to address
aspects related to blood-brain barrier or microglial function/dysfunction. Several groups are working on strategies to incorporate endo-
dermal-derived blood vessel cells and mesodermal-derived microglia. The presence of vasculature structure is not only crucial for distrib-
uting oxygen and nutrients throughout the organoids but also to enhance organoid maturation, as vasculature is known to play a role in
enabling effective neuronal commitment and maturation in vivo.”” Similarly, the incorporation of microglia into brain organoids would not
only provide support for the neuronal development as shown by Park and co-workers (e.g.,”®) but may also help unveiling the impact of
immune-mediated mechanisms in the modeled diseases. In fact, xenotransplanted organoid models have been proposed to study in vivo
human microglia derived from erythromyeloid progenitors.”’ Development of brain organoid approaches containing these cell types”™’’
would therefore be highly beneficial, and the use of cBOS in these contexts could further improve maturation and accessibility to functional
neural networks.
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Antibodies
DAPI (4,6-Diamidino-2-Phenylindole, Dilactate) Thermo Fisher Cat# D3571,

Donkey anti-Guinea Pig I9G
(H+L), highly crossabsorbed CF™ 488A

Donkey anti-Mouse IgG Polyclonal antibody,
Cyanine 3 Conjugated

Donkey anti-Rabbit IgG (H+L) Ready Probes
Secondary Antibody, Alexa Fluor™ 488

Donkey anti-Rabbit IgG Polyclonal antibody,
Cyanine 3 Conjugated

Goat anti-Guinea Pig IgG (H+L), highly
crossadsorbed secondary antibody,
Alexa Fluor™ 488

Goat anti-Guinea Pig IgG (H+L), highly
crossadsorbed secondary antibody,
Alexa Fluor™ 594

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor ™ 488

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor ™ 594

Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 594
Guinea Pig polyclonal anti-GFAP

Guinea Pig polyclonal anti-MAP2

Guinea Pig polyclonal anti-VGLUT1

Hoechst 33342

Mouse monoclonal anti-PSD95

Mouse monoclonal anti-PSD95, clone K28/43

Mouse monoclonal anti-B-Tubulin Il

Rabbit monoclonal anti-S1003

Rabbit polyclonal anti-CTIP2

Rabbit polyclonal anti-GFAP

Rabbit polyclonal anti-Homer1

Scientific (Invitrogen™)

Sigma-Aldrich

Millipore

Thermo Fisher
Scientific (Invitrogen™)

Jackson Immuno Research

Thermo Fisher

Scientific (Invitrogen™)

Thermo Fisher

Scientific (Invitrogen™)

Thermo Fisher
Scientific (Invitrogen™)
Thermo Fisher
Scientific (Invitrogen™)
Thermo Fisher
Scientific (Invitrogen™)
Thermo Fisher
Scientific (Invitrogen™)

Synaptic Systems
Synaptic Systems
Synaptic Systems
Thermo Fisher
Scientific (Invitrogen™)
Abcam

Millipore

Sigma-Aldrich
Abcam

Abcam

Dako

Synaptic systems

RRID:AB_2307445
Cat# SAB4600033, RRID:AB_2890881

Cat# AP192C, RRID:AB_92642

Cat# R37118,
RRID:AB_2556546

Cat# 711-165-152, RRID:AB_2307443

Cat# A-11076,
RRID:AB_2534120

Cat# A-11076,
RRID:AB_2534120

Cat# A-11008,
RRID:AB_143165

Cat# A-11012,
RRID:AB_2534079

Cat# A-11001,
RRID:AB_2534069

Cat# A-11005,
RRID:AB_2534073

Cat# 173 004,
RRID:AB_10641162

Cati# 188 004,
RRID:AB_2138181

Cat# 135 304,
RRID:AB_887878

Cat# H3570

Cat# ab2723,
RRID:AB_303248

Cat# MABN68;
RRID:AB_10807979

Cat#T78578; RRID: AB_1841228

Cat# ab52642,
RRID:AB_882426

Cat# ab82701,
RRID:AB_1860617

70334

Cat# 160 003,
RRID:AB_887730
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Rabbit polyclonal anti-PAX6 BioLegend Cat# 901301, RRID:AB_2565003

Rabbit polyclonal anti-Synapsin 1 Thermo Fisher Cat# A-6442,

Scientific (Invitrogen™)

RRID:AB_2536207

Bacterial and virus strains

ssAAV-2/2-hSyn1- ATeam1.03YEMK-WPREhGHp(A) ETH Zirich v244
Chemicals, peptides, and recombinant proteins
(+)-Sodium L-ascorbate Sigma-Aldrich Cat#A4034; CAS: 134-03-2

16% Formaldehyde

2-Deoxy-D-Glucose

2-Mercaptoethanol

Adenosine 5'-triphosphate magnesium salt
Alexa Fluor 488

Anti-Adherence Rinsing solution

B-27 Supplement (50x)

B-27™ Supplement (50x) minus Vitamin A
Bicuculline methiodide

Calcium chloride

Chemically Defined Lipid Concentrate
cis-4,7,10,13,16,19- Docosahexaenoic
acid (DHA)

Corning Matrigel Growth Factor Reduced

(GFR) Basement membrane matrix, Phenol
Red-free, LDEV-free

D.ER.® 736

Dibutyryl cAMP
Dimethylaminomethanol

DL-APV

DMEM/F12, HEPES

Dimethylsulfoxide (DMSO)

Donkey Serum

Dorsomorphin

Dulbecco’s Phosphate Buffered Saline
Dulbecco’s Phosphate Buffered Saline,

without calcium and magnesium
ERL-4221D, Epoxycyclohexylmethyl-3,
4epoxycyclohexylcarboxylate

Fetal Bovine Serum

Fixogum

Geltrex™ hESC-Qualified, Ready-To-Use,

Reduced Growth Factor Basement

Membrane Matrix
Glasgow-MEM
Glucose

Glutamax
Glutaraldehyde 25%

Goat Serum
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Thermo Fisher Scientific (Thermo Scientific™)
Apollo Scientific

Thermo Fisher Scientific (Gibco™)
Sigma-Aldrich

Thermo Fisher Scientific (Invitrogen™)
Stemcell Technologies

Thermo Fisher Scientific (Gibco™)
Thermo Fisher Scientific (Gibco™)
Sigma-Aldrich

Fluka/Honeywell

Thermo Fisher Scientific (Gibco™)

Sigma-Aldrich

Corning

Serva

Stemcell Technologies

Serva

HelloBio

Thermo Fisher Scientific (Gibco™)
Sigma-Aldrich

Sigma-Aldrich

Sigma

Thermo Fisher Scientific (Gibco™)

Thermo Fisher Scientific (Gibco™)

Serva

Thermo Fisher Scientific (Gibco™)
Marabu

Thermo Fisher Scientific (Gibco™)

Thermo Fisher Scientific (Gibco™)
Caelo
Thermo Fisher Scientific (Gibco™)
Serva

Thermo Fisher Scientific (Gibco™)

Cat#28908

Cat#OR3900T; CAS: 154-17-6
Cat#31350010; CAS: 60-24-2
Cat#A9187; CAS: 74804-12-9
Cat#A10436

Cat#7010

Cat#17504044

Cat#12587001

Cat#14343; CAS: 40709-69-1
CAS: 10035-04-8
Cat#11905031
Cat#D2534-25MG; CAS: 6217-54-5

Cat#356231

Cat#18247.01

Cat#73886; CAS: 362-74-3
Cat#20130

Cat#HB0251; CAS: 76326-31-3
Cat#31330038

Cat#D8418; CAS: 6768-5

Cat#S30

Cat# P5499-5MG; CAS: 866405-64-3
Cat#14287080

Cat#14190144

Cat#21041.02

Cat#10270106; CAS: 9014-81-7
Cat#29010017000
Cat#A1569601

Cat#11710035

Cat#2580; CAS: 14431-43-7
Cat#35050061

Cat#23114

Cat#16210064
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Guanosine 5'-triphosphate sodium salt hydrate Sigma-Aldrich Cat#G8877; CAS: 36051-31-7

Hank’s Balanced Salt Solution Sigma-Aldrich Cat#H9394

Heparin Sigma-Aldrich Cat#H3149-25KU; CAS: 9045-22-1

HEPES Roth Cat#HN78.2; CAS:7365-45-9

Human BDNF MACS Miltenyi Cat#130-096-286; CAS: 218441-99-7

Knockout Serum Replacement (KSR)
KnockOut™ (KO) DMEM

LB Agar (Lennox L Agar)

L-Glutamic acid monosodium salt hydrate
L-Glutamine

Low Melting Point Agarose

Magnesium chloride

MEM Non-Essential Amino Acid Solution
MOWIOL® 4-88 Reagent

MycoZap Plus-CL

N-2 Supplement (100x)

NBQX disodium salt

Neurobasal-A Medium

Nonenylsuccinic Anhydride Pure

Oregon Green 488 BAPTA-1 AM, cell permeant
Osmium tetroxide

Paraformaldehyde
Penicilin-Streptomycin (10.000 U/ml)
Phosphotungstic acid hydrate

Pluronic F-127

Potassium chloride

Potassium methanesulfonate

ProLong Glass Antifade Mountant
Propidium iodide (solution)
Recombinant Human EGF Protein, CF

Recombinant Human FGF basic/FGF2/bFGF
(145 aa) Protein, CF

Recombinant Human NT-3

RNase A, DNase and Protease-free

ROCK inhibitor, Y-237632, dihydrochloride
SB431542

Sodium azide

Sodium bicarbonate

Sodium cacodylate

Sodium chloride

Sodium di-Hydrogen Phosphate 1-hydrate
Sodium pyruvate

SSC-Puffer (20 X)

StemMACS ™ iPS Brew XF

StemMACS ™ iPS Brew XF 50x Supplements

Thermo Fisher Scientific (Gibco™)
Thermo Fisher Scientific (Gibco™)
Sigma-Aldrich

Sigma-Aldrich

Thermo Fisher Scientific (Gibco™)
Thermo Fisher Scientific (Gibco™)
Carl Roth

Thermo Fisher Scientific (Gibco™)
Millipore

Lonza

Thermo Fisher Scientific (Gibco™)
BioTrend

Thermo Fisher Scientific (Gibco™)
Serva

Thermo Fisher Scientific (Invitrogen™)
Science Services

Sigma-Aldrich

Thermo Fisher Scientific (Gibco™)
Merck Supelco

Thermo Fisher Scientific (Invitrogen™)
Carl Roth

Sigma-Aldrich

Thermo Fisher Scientific (Invitrogen™)
Thermo Fisher Scientific (Invitrogen™)
R & D Systems

R & D Systems

Peprotech

Thermo Scientific ™

Enzo Life Sciences

Cayman Chemical Company
Honeywell

Sigma-Aldrich

Serva

Carl Roth

AppliChem

Thermo Fisher Scientific (Gibco™)
Thermo Scientific Chemicals
Miltenyi Biotec

Miltenyi Biotec

Cat#10828010

Cat#10829-018

Cat#L.2897

Cat#G1626; CAS: 142-47-2
Cat#25030081; CAS: 56-85-9
Cat#55174B; CAS: 9012-36-6
Cat#2189.1; CAS: 7791-18-6
Cat#11140-050

Cat#475904-M; CAS: 9002-89-5
Cat#VZA-2012

Cat#17502048; CAS: 10102-18-8
Cat#NB-48-0652

108880-22

Cat#30812.01

Cat#06807; CAS: 244167-57-5
Cat#E19110

Cat#158127; CAS: 30525-89-4
Cat#15140122

Cat#1005820100

Cat#P6867

Cat#6781.1; CAS: 7447-40-7
Cat#83000; CAS: 2386-56-3
Cat#P36980

Cat#P3566

Cat#236-EG-200; CAS: 62253-63-8
Cat#3718-FB-100; CAS: 106096-93-9

Cat# PPT-450-03-50; CAS: 130939-66-1
Cat#ENO0531

Cat#ALX-270-333M005; CAS: 12983038-2
Cat#13031; CAS: 301836-41-9
Cat#13412H; CAS: 26628-22-8
Cat#S6014; CAS: 14455-8

Cat#15540

Cat#3957; CAS: 764714-5
Cat#131965; CAS: 10049-21-5
Cat#11360070; CAS: 113-24-6
Cat#J60839.K2

Cat#130-107-086

Cat#130-107-087
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StemPro™ Accutase™ Cell Dissociation Reagent Thermo Fisher Scientific (Gibco™) Cat#A1110501
Super Glue Gel UHU Cat#63261

Tetrodotoxin citrate

Biozol/ HelloBio

Cat#HLN-HB1035; CAS18660-81-6

Triton ™ X-100 Sigma-Aldrich Cat#X100; CAS: 903619-5

Triton X-100 AppliChem Cat#A4975,0500; CAS: 9002-93-1

Trypan Blue Solution Sigma-Aldrich Cat#T18154; CAS: 7257-1

Tween® 20 Sigma-Aldrich Cat#P1379; CAS: 9005-64-5

Uranyl Acetate Merck Cat#8473

Wnt Antagonist | (IWR1) EMD Millipore Corp Cat#3378738; CAS: 1127442-82-3

y-Aminobutyric acid (GABA) Sigma-Aldrich Cat#P28352; CAS: 5612-2

Critical commercial assays

N/A N/A N/A

Deposited data

Raw and analyzed data This paper https://researchdata.hhu.de/
handle/123456789/152

Figure 1 This paper https://doi.org/10.25838/d5p-56

Figure 2 This paper https://doi.org/10.25838/d5p-57

Figure 3 This paper https://doi.org/10.25838/d5p-59

Figure 4 This paper https://doi.org/10.25838/d5p-62

Figure 5 This paper https://doi.org/10.25838/d5p-58

Figure 6 This paper https://doi.org/10.25838/d5p-61

Figure 7 This paper https://doi.org/10.25838/d5p-60

Figure S1 This paper https://doi.org/10.25838/d5p-63

Experimental models: Cell lines

Human: HMGUi001-A (XM001) iPSC

Human: HHUUKDI009-A (TFBJ) iPSC

Human: HVRDIi004-B (PGP1) iPSC

Helmhotz Zentrum Miinchen (HMGU)

Heinrich Heine
University Disseldorf (HHUUKD)

Harvard University (HVRD)

RRID:CVCL_WJ49,
https://hpscreg.eu/cellline/HMGUi001-A;
Wang et al.”®

RRID:CVCL_B3T?9,
https://hpscreg.eu/cellline/HHUUKDIO09-A;

Lorenz et al.”?

RRID:CVCL_F182;
https://hpscreg.eu/cell-line/HVRDI004-B;

Lee et al.?’

Software and algorithms

Adobe Photoshop CS6
Affinity Designer
Excel 2016 / 2021

EZ- C1 Silver Version 3.91
FluoView300

FluoView5.0

ImageJ

NIS-Elements 3.2/ 4.5/ 5.00 Advanced Research
Origin Pro 2020 / Orgin Pro 2021

Patch Master v2x53

Adobe Inc.
Serif (Europe) Ltd

Microsoft Office
Professional Plus 2016 / 2021

Nikon

Olympus

Deutschland GmbH
Olympus Europe
Schneider et al. (2012)
Nikon

Origin Lab corporation
HEKA Elektronik

RRID:SCR_014199
RRID:SCR_016952
N/A

N/A
N/A

N/A

https://imagej.nih.gov/ij/; RRID:SCR_003070
RRID:SCR_014329

RRID:SCR_014212

N/A
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Other
6-well plates TPP Cat#92006
6-well plates Sarstedt Cat#83.3920
96-well plate, BIOFLOAT faCellitate GmbH Cat#F202003
96-well, Ultra Low Cluster, U-Bottom, Ultra Low Corning Cat#7007
Attachment
Adhesion slides, SuperFrost Plus VWR Cat#631-0108
AggreWell™ 800 Stemcell Technologies Cat#34815
CO, Incubator, CB170 Binder Cat#9040-0163
CO, Incubator, Heracell 240i Thermo Fisher Cat#51032875
Scientific
Cover glasses VWR Cat#631-0135
Filter tips (10/ 20 pl), sterile Starlab Cat#51120-3810
Filter tips (100, 1000 pl), sterile Biozym Cat#VT0230,
Cat#VT10270
Greiner centrifuge tubes (15 ml) Sigma-Aldrich Cat#T1818
Improved Neubauer Counting Chamber VWR Cat#631-0696
Injekt Solo 1 ml/ Luer Braun Cat#4010-200V0
Injekt Solo 10 ml/ Luer Braun Cat#4606108V
Millicell Cell Culture Inserts Millipore Cat#PICMORGS50
Needle for single usage (23G x 1” TW) Neoject Cat#10016
Needle Puller, PP-830 Narishige N/A
Orbital Shaker, Unimax 1010 Heidolph 543-12310-00
Pasteur pipettes, glass Brand Cat#747715
Pasteur pipettes, plastic 3 ml Heinz Herenz Cat#1131303
Petri dish (35 mm) Sarstedt Cat#83.3900
Polystyrene Petri dish (100 mm) Greiner Bio-One Cat#664161
Power Supply Unit, NGB Rohde & Schwarz N/A
Power Supply Unit, DF-1730SB-3A McVoice N/A
Pressure Application System, PDES-01DXH-LA4-S Npi electronics N/A
Qualitative filter paper VWR Cat#516-0813
SafeSeal tube, 1.5 ml Sarstedt Cat#72.706

Serological pipettes (5, 10, 25 ml)
Super glue gel
Surface protector, Benchkote

Thermoblock, TB2

Tissue culture hood, HeraSafe

Tissue culture hood, Maxisafe 2030i

Vibratome, Microm HM 650 V

Wilkinson Classic Razor Blade

Greiner Bio-One

UHU
Whatman
Biometra
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Wilkinson Sword

Cat#606-180,
Cat#612-3700, 612-Cat#3698

Cat#63261
Cat#WHA2300916
Discontinued

Cat#51022515

Cat#51032711

Discontinued

Cat#70517470

iScience 27, 109415, April 19, 2024 21



¢? CellPress iScience
OPEN ACCESS

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Christine R. Rose
(rose@hhu.de).

Materials availability

This study did not generate new unique reagents, chemicals or materials.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines
The human iPSC lines HMGUi001-A,”® HHUUKDi009-A’? and HVRDIi004-B,%° derived from healthy individuals, were used.

Human iPSC culture

Human induced pluripotent stem cells (iPSCs) were established before. We used both male and female iPSCs for cBOS generation from three
healthy human iPSC lines to ensure a robust, donor-independent outcome. HMGUi001-A (XM001) iPSCs were derived from fibroblasts using
episomal reprogramming from a healthy, 50 years old female.”® HHUUKDI009-A (TFBJ) iPSCs were derived from foreskin fribroblasts using
episomal reprogramming from a healthy male neonate.”” HVRDi004-B (PGP1) iPSCs were derived from fibroblasts using plasmid reprogram-
ming from a healthy, 55 years old male.?” iPSCs were cultured under feeder-free conditions in é-well plates (TPP) coated with Matrigel (Corn-
ing) or Geltrex (Thermo Fisher Scientific), which both mimic extracellular matrix. iPSCs were kept in iPS Brew medium (Miltenyi Biotec) at 37°C,
5% CO,, 5% O, maintained by daily media changes and passaged at 70-80% confluency. 10 uM Rho-associated protein kinase (ROCK, Enzo
Life Sciences) inhibitor was added to increase cell survival. All iPSC lines were routinely monitored to ensure that they are always negative for
mycoplasma contamination. Ethical approval for using control human iPSCs in a pseudo-anonymized fashion was obtained from the Ethic
Committee of the University Clinic Dusseldorf (study number 2019-681 approved on October 11, 2019).

METHOD DETAILS
Generation of cortical brain organoids from human iPSC culture

Cortical brain organoids were generated using protocols based on the aggregation of iPSCs in U-bottom 96-well plates as well as in
AggreWell plates. The 96-well plate-based protocol was established and described by Le and colleagues,”® and in an earlier version by Ve-
lasco and colleagues.”® In brief, human iPSCs were washed once with Phosphate Buffered Saline (PBS) and detached from 6-well plates by
incubation with 500 pl Accutase (Thermo Fisher Scientific) per well for 5 minutes at 37°C. Next, 1 ml of iPS Brew medium was added and cells
were dissociated by carefully pipetting them up and down. The cell suspension was transferred to a 15 ml falcon tube and centrifuged at 125
rcf for 5 minutes at room temperature.

After aspirating the supernatant, the cell pellet was resuspended in 3 ml freshly prepared Cortical Differentiation Medium | (CDMI) at room
temperature (Figure 1A). CDMI is based on Glasgow-MEM (Thermo Fisher Scientific), containing high glucose and vitamin concentrations and
no growth factors. It was supplemented with Knockout Serum Replacement (KSR, Thermo Fisher Scientific) as surrogate for Fetal Bovine
Serum (FBS), MEM Non-Essential Amino Acids Solution (MEM-NEAA, Thermo Fisher Scientific) to increase cell growth and viability, sodium
pyruvate (Thermo Fisher Scientific) as carbon source besides glucose, 2-mercaptoethanol (Thermo Fisher Scientific) in order to reduce toxic
ROS concentrations and penicillin-streptomycin (Thermo Fisher Scientific) to avoid bacterial contamination. After counting the cells using a
Neubauer counting chamber (VWR) and Trypan Blue solution (Sigma-Aldrich), the suspension was diluted with CDMI in order to achieve a final
concentration of 90,000 cells per ml. This seeding suspension was supplemented with 20 WM ROCK inhibitor to increase cell survival and 5 uM
TGF-B inhibitor SB431542 (Cayman Chemical) to enhance iPSC differentiation into forebrain identity as well as 3 uM WNT antagonist | (WR1,
EMD Millipore Corporation) to induce more rostral than caudal structures.”®’

In order to promote formation of neurospheres, the supplemented seeding suspension was distributed to low attachment U-bottom
96-well plates (faCellitate) by adding 100 ul per well (Figure 1A), representing DIV 0 of organoid generation. 96-well plates were kept at
37°C and 5% CO,. On DIV 3, the sides of the 96-well plates were carefully tapped in order to detach dead cells, and 100 ul of CDMI supple-
mented with 20 uM ROCK inhibitor, 3 uM IWR1 and 5 uM SB431542 were added per well. On DIV 6, 9, 12 and 15, 80 ul of the supernatant
medium were removed from each well and replaced with 100 pl of CDMI, supplemented with 3 uM IWR1 and 5 pM SB431542 per well.
The size of developing neurospheres/organoids was monitored by taking images of at least five organoids per batch every fortnight using
an Eclipse Ts2 light microscope (Nikon) or a DMS1000 microscope (Leica) (Figure 1A).
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From DIV 18 on, organoids were cultured in 100 mm petri dishes (Greiner Bio-One) (Figure 1A). To achieve a smooth transfer from the
96-well plates into the petri dishes, organoids were carefully taken up with a blunt 1000 pl pipette tip. The latter was filled with 5 ml
CDMII (Figure 1A), consisting of DMEM/F12 (Thermo Fisher Scientific) as basal medium for supporting cell growth, GlutaMAX™ Supplement
(Thermo Fisher Scientific) as a stable alternative to L-glutamine that supports cell viability, N-2 (Thermo Fisher Scientific) medium to enhance
neuronal growth, Chemically Defined Lipid Concentrate (Thermo Fisher Scientific) as FBS surrogate and again penicillin-streptomycin against
bacteria. After their transfer, the medium was removed again and 10 ml of fresh CDMII were added. Petri dishes were placed on an orbital
shaker (Heidolph) at 70 rpm in order to guarantee sufficient oxygen and nutrient diffusion and to prevent attachment and kept at 37°C and 5%
CO,. One day after this transfer, organoids were visually examined and the speed of the orbital shaker adapted to prevent their aggregation
or attachment to the bottom of the dish. CDMII was changed every second day.

On DIV 35, CDMII was replaced with freshly prepared CDMIII that in addition contained FBS (Thermo Fisher Scientific) and heparin (Sigma-
Aldrich) (Figure 1A). Depending on the growth rate of the organoids (as indicated by colour changes of the medium), CDMIIl was changed
every two to four days. From DIV 70 on, organoids were kept in CDMIV (Figure 1A), in which B27 was supplemented by vitamin A (Thermo
Fisher Scientific) to support further differentiation and growth of neuronal cells. Again, the medium was changed every 2-4 days depending
on the growth rate of the organoids. Organoids were cultured for up 70-79 days until used for preparation of cortical organoid slices
(Figure 1A).

The AggreWell-based protocol for generating cortical brain organoids was earlier described by Miura and colleagues.”’ iPSCs were
washed and detached as explained above, and then centrifuged at 200 rcf for 4 minutes at room temperature. The resulting cell pellet
was resuspended with iPS Brew supplemented with 10 uM ROCK inhibitor and consequently diluted to a concentration of 1.83 million cells/
ml. 1.5 ml of the adjusted cell suspension were added per well to an AggreWell™ 800 plate (Stemcell Technologies) that was previously coated
with Anti-Adherence Rinsing solution (Stemcell Technologies) for 15 minutes to acquire a total amount of 2.75 million cells per well. The
AggreWell plate was centrifuged at 100 rcf for 3 minutes.

After 24 hours, the developed spheroids were transferred to 100 mm petri dishes with a cut-off 1000 pl pipette tip and kept in medium
consisting of Knockout™ DMEM (Thermo Fisher Scientific), KSR, MEM-NEAA, sodium pyruvate, pencillin-streptomycin, GlutaMAX™ Supple-
ment and MycoZap Plus-CL (Lonza). For neural induction, medium was supplemented with 2.5 pM dorsomorphin (Sigma) and 10 uM
SB431542. Daily media changes were performed from DIV 2 to DIV 5.

To enhance differentiation, neurospheres were cultured in Neurobasal-A medium (Thermo Fisher Scientific) with GlutaMAX™ Supplement,
pencillin-streptomycin, MycoZap Plus-CL and B-27™ Supplement (50x) minus Vitamin A (Thermo Fisher Scientific) from DIV 6 to DIV 46.
Medium was changed daily between DIV 6 and DIV 15 and supplemented with 20 ng/ml EGF and FGF2 (R&D Systems). From then on,
medium was changed every other day, supplemented with 20 ng/ml EGF and FGF2 (DIV 16 — 21), and then with 20 ng/m| BDNF (MACS Mil-
tenyi), 20 ng/ml NT-3 (Peprotech), 200 uM (+)-sodium L-ascorbate, 50 uM dibutyryl cAMP (Stemcell Technologies) and 10 puM
cis-4,7,10,13,16,19-docosahexaenoic acid (DHA, Millipore) (DIV 22 — 45). Long-term culture until DIV 70 was performed in the same medium
with B-27™ Supplement without any further small molecules.

Immunohistochemistry of organoids

Immunofluorescence staining of organoids was performed following established protocols.?” In brief, organoids at DIV 70 were washed three
times with PBS and subsequently incubated in PBS/4% paraformaldehyde (PFA, Thermo Fisher Scientific) for one hour at room temperature.
Afterwards, organoids were washed three times with PBS. Fixed organoids were stored in PBS at 4 °C until slicing. For slicing, up to five or-
ganoids were embedded into a custom-made tissue mold (cut end of a 10 ml syringe) that was filled with liquified agar (3% in PBS; Sigma-
Aldrich).

Agar blocks containing organoids were cut at a vibratome (Microm HM 650 V, Thermo Fisher Scientific; amplitude 1.0 mm, frequency
60 Hz, velocity 13 mm/s) with a pre-cleaned razor blade (Wilkinson Sword) in ice-cold PBS at 100 pm thickness. Sections were gently trans-
ferred into PBS-containing well plates for intermediate storage and were finally transferred to microscope slides (SuperFrost). The agar
and excessive PBS were removed from the slides using a syringe (Braun). Slices were allowed to dry till their adherence to the slides, and
were stored in PBS at 4 °C until staining.

For immunofluorescence labelling, mounted organoid slices were blocked and permeabilized for one hour at room temperature with a
blocking solution (10% donkey serum, 0.1% Tween 20 and 1% Triton X-100 (all Sigma-Aldrich) in PBS). Primary antibodies solved in blocking
solution were applied on the slides and incubated at 4°C overnight, followed by 10 minutes’ rinses in PBS for three times. Subsequently, or-
ganoid slices were exposed to secondary antibodies (diluted in blocking solution containing Hoechst dye (1: 2,500; Thermo Fisher Scientific))
for one hour at room temperature, again rinsed for 10 minutes in PBS for three times and finally mounted in ProLong Glass Antifade Mountant
mounting medium (Thermo Fisher Scientific). Nail polish was used to seal the slides, which were stored at 4°C until their analysis.

Primary antibodies used here include mouse anti-B-Tubulin Il (Invitrogen, T8578, 1:2000), rabbit anti-PAXé (BioLegend, 901301, 1:200),
guinea pig anti-GFAP (SynapticSystems, 173004, 1:500), rabbit anti-CTIP (Abcam, ab82701, 1:100), guinea pig anti-MAP2 (Synaptic Systems,
188004, 1:1000) rabbit, anti-Synapsin 1 (Invitrogen, A-6442, 1:500), guinea pig anti-VGLUT1 (Synaptic Systems, 135304, 1:500), rabbit anti-
Homer1 (Synaptic Systems, 160003, 1:200) and mouse anti-PSD95 (Abcam, ab2723, 1:500). Secondary antibodies used here include donkey
anti-guinea pig 488 (Sigma-Aldrich, SAB4600033, 1:300), donkey anti-rabbit 488 (Invitrogen, R37118, 1:300, donkey anti-mouse Cy3 (AP192C,
Millipore, 1:300) and donkey anti-rabbit Cy3 (Jackson, 711-165-152, 1:300).
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Specific structures of interest within organoid slices were documented using a motorized confocal laser scanning microscope C1 (Nikon)
and a 20x dry objective (Plan Apo VC 20x / 0.75 air DIC N2 «/0.17 WD 1.0, Nikon). Images were acquired using the imaging software EZ-C1
Silver Version 3.91 (Nikon) and fluorophores were excited using three different excitations wavelengths (408, 488 and 543 nm). Z-stacks (10-30
steps) were generated from optical sections of 1.1 um each. For visualization, extended focus projections were generated employing ImageJ
software.

Electron microscopy

Organoids (DIV 107) were fixed using 3% glutaraldehyde (Serva) buffered with 0.1 M sodium cacodylate (Serva) buffer, pH 7.2. After fixation,
organoids were washed with 0.1 M sodium cacodylate buffer, pH 7.2 and stained using 1% osmium tetroxide (Science services) for 50 minutes
at room temperature. Samples were washed two times with 0.1 M sodium cacodylate buffer and once with 70% ethanol followed by staining
with 1% uranyl acetate (Merck) / 1% phosphotungstic acid (Merck) in 70% ethanol for one hour. Samples were dehydrated and incubated with
pure Spurr resin at room temperature for two hours. Spurr resin was prepared by mixing embedding medium ERL-4221D
(Epoxycyclohexylmethyl-3,4-epoxycyclohexylcarboxylate, Serva), D.E.R.® 736 (Serva), Nonenylsuccinic Anhydride Pure (Serva) and Dimethy-
laminomethanol (Serva). Subsequently, samples were embedded in Spurr resin for polymerization at 70°C for at least 48 hours.

Ultrathin sections of 60-70 nm size were prepared using an ultra-microtome (EM UC7, Leica with a Diatome Ultra 45° knife). Electron micro-
scopic images were acquired using a JEM-2100 plus (JOEL) equipped with an EM-24830 flash CMOS camera system (JOEL). The electron
microscope was operated at 200 kV and images were acquired at the magnification of 50,000%. The images were visualized using freely avail-
able ImageJ software.

Generation of cortical brain organoid slices

The generation of cortical brain organoid slices (cBOS) was based on previous protocols described for unguided human brain ALI-COs'® and
organotypic tissue slices of the mouse brain”®®? (Figure 1B). Notably, and in difference to Giandomenico and colleagues, ' slices were pre-
pared from regionalized cortical organoids established following our published protocol.”> Apart from these differences, note especially the
differences in media composition for organoid preparation and slice maintenance between the originally described ALI-CO's'® and our pro-
tocol.”” In addition, several washing steps with visual inspection were introduced before transferring slices onto membranes and slices were
maintained at 36°C (here) instead of 37°C."® In more detail, 3% LMP agarose (Thermo Fisher Scientific) was diluted in HBSS (Sigma-Aldrich),
heated to 90°C and slowly cooled down to 40°C. Next, single cortical organoids (DIV 70-79) were transferred into a 35 mm petri dish (Sarstedt)
filled with HBSS by using a blunt 3 ml Pasteur pipette (VWR) and carefully washed by pipetting them up and down. To prepare their embed-
ding, a custom-build mold (cut end of a 10 ml syringe) was positioned onto a piece of absorbent filter paper and LMP agarose added to its
bottom. Single organoids were put onto a spatula, excessive PBS was carefully removed with filter paper and the organoid was placed into the
mold. Up to five organoids were placed in one mold, which was filled with LMP agarose until all organoids were covered. Molds were stored in
a glass petri dish on ice for a maximum of 10 minutes, until the agarose solidified.

For slicing, agarose blocks were carefully removed out of the mold and glued using a super glue gel (UHU) onto a mounting plate. The
latter was placed in a bath filled with ice-cold HBSS. 300 um thick slices of organoids were cut with a pre-cleaned razor blade (Wilkinson Sword)
at a vibratome (Microm HM 650 V, Thermo Fisher Scientific). After cutting, slices were collected using the reverse end of a glass Pasteur
pipette (Brand) and transferred to an HBBS-filled petri dish. The dish was placed onto a sterile bench, where slices were immediately trans-
ferred into a new petri dish containing pre-warmed HBSS (36°C). The latter procedure was repeated four times changing pipette and dish with
every wash. Wells of a 6-well plate (Sarstedt) were filled with 750 pl of pre-warmed (36°C) CDMIV and the membrane of a cell culture insert
(Millipore) positioned into each well. Up to five slices were placed onto one membrane and cultured at the air-liquid interface in a humidified
atmosphere at 36°C and 5% CO, for additional 28-73 days. Quality control via visual inspections of each slice was performed after the slicing
procedure and after the washing steps to discard slices that were obviously mechanically damaged. The medium (CDMIV) was changed daily.

Immunofluorescence staining and documentation of immunolabelled cBOS

For immunofluorescence staining (Figure 1C), individual cBOS were cut out of the culture insert and washed in PBS. Afterwards, slices were
fixed in PBS/4% PFA (Sigma-Aldrich) for 20 minutes at room temperature and washed again for three times in PBS. Slices were then either
stained on SuperFrost slides (VWR), for which a droplet of PBS was put onto the slide in which a single slice was placed using a spatula. Alter-
natively, slices were stained in well plates. In both cases, several rings of Fixogum (Marabu) were applied around the slices to protect the tissue
from damage during the embedding procedure. Excessive PBS was removed using a syringe and slices were shortly dried until they adhered
to the coating.

For permeabilization and blocking, slices were incubated for one hour at room temperature with a blocking solution consisting of PBS, 10%
goat serum (Thermo Fisher Scientific) and 1% Triton X-100 (AppliChem). Next, the blocking solution was aspirated and the desired primary
antibody concentration diluted in blocking solution was added. Primary antibodies were incubated overnight at 4°C in a humidified chamber,
washed three times for 10 minutes in PBS and then incubated with the secondary antibodies in blocking solution. From there on, slices were
kept in darkness. Slices were again washed three times for 10 minutes in PBS and DAPI (1.2 uM in PBS, Thermo Fisher Scientific) was applied
for 20 minutes. Three washing steps in PBS followed. Last, slices were mounted in the embedding medium Mowiol (contains DABCO to pre-
vent bleaching; Millipore) and carefully covered by a cover glass. Slices were allowed to rest for at least 30 minutes before sealing with nail
polish. Alternatively, same blocking as well as antibody solutions were directly applied on single slices in a 24 well-plate. Slices were then
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transferred via a spatula on SuperFrost slides, excessive PBS was removed, slices were embedded in Mowiol and covered by cover glasses.
Each staining was performed on at least 3 different slices. Negative controls were done in parallel to each staining.

Unless otherwise stated, the same primary antibodies were used as for cortical organoids. Additionally, the following primary antibodies
were used: rabbit anti-S1008 (Abcam, ab52642, 1:600), rabbit anti-GFAP (Dako, ZO334, 1:1000) and mouse anti-PSD95 (Millipore, MABN68,
1:500). The following secondary antibodies were used: goat anti-guinea pig 488 (Invitrogen, A-11076, 1:300), goat anti-guinea pig 594 (Invi-
trogen, A-11076, 1:300), goat anti-rabbit 488 (Invitrogen, A-11008, 1:300), goat anti-rabbit 594 (Invitrogen, A-11012, 1:300), goat anti-mouse
488 (Invitrogen, A-11001, 1:300) and goat anti-mouse 594 (Invitrogen, A-11005, 1:300).

A stereo microscope SMZ25 (Nikon) equipped with a 2x dry objective (SHR Plan Apo 2x, WD 20, Nikon) and the software NIS-Elements BR
4.50.00 (Nikon) or a motorized Eclipse 90i upright wide field microscope (Nikon) equipped with a 4x dry objective (Plan Fluor 4x /0.13 air «/-
WD 17.1, Nikon) and a 10x dry objective (Plan Fluor 10x / 0.30 air DIC L/N1 @ /0.17 WD 16, Nikon) were used for documentation of overview
stitches. For image acquisition, the imaging software NIS-Elements Advanced Research 3.2 (Nikon) combined with a DS-Q1Mc camera (Ni-
kon) and the DAP! filter set (340-380 nm, dichroic mirror: 400 nm, barrier filter: 435-485 nm) were used. Cellular structures were documented
by a motorized confocal laser scanning microscope (Nikon Eclipse C1 mounted on an E600FN, Nikon) equipped with a 20x dry objective (Plan
Apo VC 20x / 0.75 air DIC N2 «/0.17 WD 1.0, Nikon), a 60x oil objective (Plan Apo VC é0x / 1.40 oil DIC N2 «/0.17 WD 0.13, Nikon) and a 100x
oil objective (Plan Apo VC 100x/ 1.40 oil DIC NC «/0.17 WD 0.13, Nikon). The imaging software EZ-C1 3.91 Silver Version (Nikon) was
employed for image acquisition. The following excitation lasers were used: 408 laser (Coherent), Argon laser (488 nm, Melles Griot) and
Helium-Neon laser (543 nm, Melles Griot); filter sets for emission light were: 450/25, 515/30 and 605/75. Confocal z-stacks (41-122 steps)
were generated with optical sections of 0.6 um each. Individual images represent an average of three consecutive frames. Volume-view im-
ages of MAP2-positive structures were analyzed by NIS-Elements Advanced Research 5.0 (Nikon) using an Alpha Blending setting.

Propidium iodide nucleic acid stain

PFA-fixed cBOS were incubated in Triton/PBS for 15 minutes and equilibrated in 2X SSC (0.3 M NaCl, 0.03 M sodium citrate, pH 7.0) two times.
Samples were incubated in 100 pg/mL DNase-free RNase in 2X SSC for 20 minutes at room temperature and rinsed for three times in 2X SSC.
Afterwards, slices were incubated with Propidium lodide (500 nM; 1:3000) for five minutes, followed by three washing steps in 2X SSC. Finally,
slices were embedded in Mowiol and covered by a cover glass. A stereo microscope SMZ25 (Nikon) equipped with a 2x dry objective (SHR
Plan Apo 2x, WD 20, Nikon) and the software NIS-Elements BR 4.50.00 (Nikon) were used for the documentation of overview images.

Whole-cell patch-clamp recordings

Somatic whole-cell patch-clamp recordings (Figure 1C) were performed at an upright microscope (BX51WI, Olympus), equipped with a water
immersion objective (NIR Apo 60x/ 1.0 water DIC N2 /0 WD 2.8, Nikon), using an EPC10 amplifier and “PatchMaster”-software (HEKA Elek-
tronik). cBOS were transferred into a custom build microscope perfusion chamber and constantly perfused with standard ACSF at a rate of
about 2.5 ml/min at room temperature (22 £+ 1°C). ACSF contained (in mM): 130 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 26 NaHCO3,
and 10 glucose; pH 7.4, bubbled with carbogen (95% O, and 5% CO,); osmolarity ~310 mOsm/I.

Measurements were performed using 3-6 MQ patch pipettes pulled from borosilicate glass capillaries (Hilgenberg) using a vertical puller
(PP-830, Narishige). Pipettes were filled with an intracellular solution containing (in mM): 114 K-MeSO3, 32 KCI, 10 HEPES, 10 NaCl, 4 Mg-ATP
and 0.4 Na3-GTP; pH adjusted to 7.3 with KOH. Liquid junction potential was not corrected. Cells were held in the current or voltage clamp
mode. Data were sampled at 1 kHz and processed and analyzed employing Origin Pro 2021 Software (OriginLab Corporation) and Excel (Mi-
crosoft Office Professional Plus 2019).

For visualization of the morphology of the recorded cells, 200 uM Alexa 488 (Thermo Fisher Scientific) was added to the intracellular saline.
Cells were documented using a custom-build multi-photon microscope based on a Fluoview300 system (Olympus) using a water immersion
objective (NIR Apo 60x/ 1.0 water DIC N2 /0 WD 2.8, Nikon). Excitation wavelength was 840 nm; fluorescence emission was collected below
700 nm. Cellular morphology was documented by recording z-stacks with 1 pm increments in-between focal planes using the software Fluo-
View5.0 (Olympus).

Imaging of intracellular calcium

For imaging of spontaneous calcium signals (illustrated in Figures 6A-6C), a wide field system composed of an upright microscope (Eclipse
FN-1, Nikon), a 40x water immersion objective (Fluor 40x/ 0.8 water DIC M/N2 o /0 WD 2.0, Nikon), an Orca FLASH 4.0LT camera (Hamamatsu
Photonics) and a Polychrome V monochromator (Thermo Fisher Scientific) were used. Results illustrated in Figures 6D-6G were obtained at a
wide field system composed of an upright microscope (Eclipse FN-1, Nikon) equipped with a 40x water immersion objective (LUMPlanFL 40x/
0.8 water «/0 WD 3.3, Olympus), an Orca FLASH 4.0 camera (Hamamatsu Photonics) and a Polychrome V monochromator (Thermo Fisher
Scientific).

Single cBOS were placed into a recording chamber, fixed by a grid and continuously perfused (~2.5 ml/min) with standard ACSF (see
above) for measurements performed at room temperature (22 £+ 1°C). For measurements at 37 + 1°C, a modified ACSF was used, containing
(in mM): 138 NaCl, 2.5 KClI, 1.25 NaH,PO,, 18 NaHCO3, 2 CaCl,, 1 MgCl,, and 10 glucose; pH 7.4, bubbled with carbogen (95% O, and 5%
COy); osmolarity ~310 mOsm/I. Slices were allowed to equilibrate for about 15 minutes, after which the calcium indicator Oregon Green 488
BAPTA-1-acetoxymethyl ester (OGB-1-AM, 200 uM; Thermo Fisher Scientific; Stock concentration: 1 mM solubilized in 20%Pluronic/DMSO)
was bolus-injected into the extracellular space using a fine glass pipette. Slices were incubated for another 30 minutes to allow for
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de-esterification before the start of the measurements. OGB-1 was exited at 488 nm and fluorescence emission was collected >500 or
>505 nm at a frequency of 1 Hz or 5 Hz from regions of interest (ROIs) representing individual cell bodies. Active cells displayed at least
one calcium signal (defined by a peak amplitude > 5x S.D. of baseline) during a recording period of 5 minutes (control and with TTX added).

Experiments were controlled and analyzed by NIS-Elements Advanced Research 5.0 (Nikon). Signals from individual ROIs were back-
ground corrected, exported to Excel (Microsoft Office Professional Plus 2016) and normalized to baseline. Afterwards, traces were bleaching
corrected and further analyzed employing OriginPro 2020 (OriginLab Corporation).

Receptor agonists and antagonists were added to the ACSF and bath-applied via the perfusion system. Antagonists were added 15 mi-
nutes before the start and during the entire course of imaging experiments. Chemicals were purchased from Merck/Sigma-Aldrich or
AppliChem if not stated otherwise. TTX and DL-2-Amino-5-Phosphonovaleric (DL-APV) acid were obtained from Biozol/HelloBio; 2,3-Di-
oxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sulfonamide disodium salt (NBQX) was obtained from Biotrend. Chemical ischemia
was induced by perfusing cBOS with glucose-free modified ACSF containing 5 mM of the cytochrome c oxidase inhibitor sodium azide (Hon-
eywell) and 2 mM of the glucose analogue 2-Deoxy-D-glucose (Apollo Scientific) for two minutes.

Imaging of intracellular ATP

Imaging of intracellular ATP was performed using the FRET-based sensor ATeam1.03"™K (“ATeam”; Figure 1C). Expression of ATeam under
the neuron-specific human synapsin 1 promotor fragment hSyn1 was induced by a single-stranded adeno-associated-vector (AAV; ssAAV-2/
2-hSyn1-ATeam1 ‘03YEMK-WPRE-hGHp(A), ETH Zirich). cBOS at DIV 94-101 in culture were transduced by diluting the AAV 1:1 (virus titer: 3.1 x
10'? genome/ml) in dPBS and applying 1 pl of the solution on top of each slice.?” After transduction, slices were cultured for additional 10~
25 days in a humidified atmosphere at 36°C and 5% CO; in the presence of CDMIV.

Transduced slices were transferred to a wide field imaging system composed of an upright microscope (Eclipse FN1, Nikon) equipped with
a 40x water immersion objective (Fluor 40x / 0.80 water DIC M /0 WD 0.8, Nikon), an Orca 4 LT Plus CMOS camera (Hamamatsu Photonics)
and a Polychrome V monochromator (Thermo Fisher Scientific) (Figure 1 C). cBOS were placed in a recording chamber, fixed with a grid and
continuously perfused (~2.5 ml/min) with modified ACSF (see above) at 37 + 1°C.

ATeam was excited at 434 nm and images were acquired at 0.5 Hz. The fluorescence emission was split at 500 nm by an image splitter
(WVIEW GEMINI optic system, Hamamatsu Photonics) and the two channels subsequently band-pass filtered at 483/32 (eCFP, donor) and
542/27 (mVenus, acceptor). For analysis, NIS-Elements Advanced Research 4.5 (Nikon) was used. Signals from individual ROls representing
cell somata were background-corrected, the ratio Venus/eCFP was calculated and data exported to Excel (Microsoft Office LTSC Professional
Plus 2021) to normalize traces to their initial baseline. For further analysis, OriginPro 2021 (OriginLab Corporation) was employed. Transient
inhibition of cellular ATP production (“chemical ischemia”) was induced by perfusing cBOS with metabolic inhibitors for 2 minutes as
described above.

Image processing and preparation of figures

Processing of images from immunohistochemistry was performed using the software ImageJ.®® Averaged single-plane images or z-stacks
were converted into 8-bit tif-files. Maximum-intensity projections (MIPs) were generated out of z-Stacks. Single channels were merged
and merges saved as RGB Color tif-files. For illustration purposes, the brightness and contrast of single-plane images as well as maximum
intensity projections (MIPs) were adjusted using ImageJ and/or Photoshop CS6 (Adobe Inc.). Stitches were cropped and the scale bars
were calculated using ImageJ. EM images were additionally processed using Photoshop CSé (Adobe Inc.). Figures were composed using
the vector graphic editor Affinity Designer 1.9 (Serif Europe).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results from statistical analysis are reported in the results section and figures. Data are illustrated in box plots representing the mean (red
squares), median (black lines), 25/75 percentiles (boxes) and 1x SD (whiskers). Single data points are shown as grey diamonds.

For statistical evaluation, data was analyzed by a Kolmogorov-Smirnov normality test (sample sizes n > 50).%* Non parametric data were
tested via Mann-Whitney U test.®® “n” represents the number of analyzed cells and “N” the number of analyzed slices. Alpha values are rep-
resented as follows: ***: p <0.001; **: 0.001 < p <0.01,*:0.01 < p <0.05 and not significant: p > 0.05. Sets of experiments are based on one
to three different batches of cortical organoids.
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