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Abstract

Human cell-based neural organoids are increasingly being used for investigations of neurotoxicity and to study the
pathophysiology of neurodegenerative diseases. Here, we present a fast and robust method to generate 3D cultured
human dopaminergic neurons (LUHMES) for toxicity testing and long-term culture. Moreover, a plating step was intro-
duced to allow generation of neurite networks with a defined 2D orientation and several mm length while all cell bodies
(somata) remained in a 3D, dome-like structure. These cultures, named 2.5D (for 2.5 dimensional), offer new approaches
to quantify toxicant effects on organoids by standard technology and in high throughput. For instance, the system reacted
to the parkinsonian model toxicants MPP*, rotenone and MG-132, and to the ferroptosis-inducer erastin. Moreover,
stable incorporation of human stem cell-derived astrocytes or microglia was possible. Addition of astrocytes stabilized
the post mitotic state of the LUHMES neurons and thereby allowed formation of a stable microphysiological system.
Neuroprotection against the proteasome inhibitor MG-132 and the ferroptosis-inducer erastin was mediated by such
glia, exemplifying the crucial protective role of astrocytes in neurodegeneration. The modularity of the system was further
employed fo incorporate microglia fogether with astrocytes into the organoids. Such ratio-defined, three cell type-based
organoids will allow new approaches to study human pathophysiology and toxicology of the nervous system.

ment, sequential probing and optimization of the above features
is a useful strategy. Our study addresses several of the above is-
sues and exemplifies some of the respective solutions.

The human brain differs vastly from the commonly used ro-

1 Introduction

The transition of neuronal cultures from a conventional mono-
layer (2D) approach towards the generation of 3D organoids of-

fers new opportunities, but also entails various complications.
Besides increased complexity in handling procedures, the transi-
tion requires the ability to co-culture neurons with other relevant
cells of the nervous system. Moreover, setting up quantitative
test methods using organoid systems requires new approaches
to the assessment of physiological parameters, the modelling of
pathophysiological processes, or the assessment of reactions to
toxicants. To allow work on so many different aspects of cell cul-
ture and to identify the most efficient steps for further develop-

dent brain models in terms of developmental time scale (Semple
et al., 2013; Zimmer et al., 2011), structure (Florio and Huttner,
2014), and cellular composition/function (Zhang et al., 2016;
Nedergaard et al., 2003; Polioudakis et al., 2019). Considering
these inter-species differences, it is not surprising that estab-
lished animal models often lack predictivity for humans (Leist
and Hartung, 2013; Hartung and Leist, 2008; van der Worp et al.,
2010; Leist et al., 2008). Human cell-based in vitro systems have
therefore been used increasingly in neurotoxicological research
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(Barbosa et al., 2015; Pamies and Hartung, 2017; Schmidt et
al., 2017; Schildknecht et al., 2011; Stiegler et al., 2011). Break-
throughs in induced pluripotent stem cell (iPSC) technology
have supported this trend (Takahashi et al., 2007; Shi et al., 2017;
Tukker et al., 2018).

Traditional two-dimensional (2D) cell culturing also fails to
replicate some crucial features of in vivo physiology (Marx et
al., 2016). This includes cell maturation, cell-cell and cell-ma-
trix interactions, spatio-temporal concentration gradients, and
structural complexity (Pampaloni et al., 2007; Ravi et al., 2015;
Sloan et al., 2017; Gieseck III et al., 2014; Marton and Pasca,
2016). To bridge this gap between in vivo and in vitro, multiple
three-dimensional (3D) brain organoid models based on human
cells have been developed. For instance, the Knoblich group and
others used 3D-differentiation of pluripotent stem cells (PSC) to
closely recapitulate human brain development and to generate
cerebral organoids with sophisticated self-organization (Lancast-
eretal., 2013, 2017, Lancaster and Knoblich, 2014; Pasca et al.,
2015; Trujillo et al., 2019; Yoon et al., 2019; Amiri et al., 2018).
Similar approaches were used to generate cortical (Kadoshima et
al., 2013), midbrain (Jo et al., 2016; Smits et al., 2019), forebrain
(Qian et al., 2016), retina (Eiraku et al., 2011; Kim et al., 2019)
or cerebellar organoids (Muguruma et al., 2015). Others generat-
ed neural 3D cultures from neural precursor cells (NPC) (Pamies
et al., 2017) or neuroepithelial stem cells (NESC) (Monzel et al.,
2017) instead of PSC. Typically, stem cell-derived brain organ-
oids contain a large variety of neuronal subtypes, astrocytes (De-
zonne et al., 2017, Yakoub, 2019), myelinating oligodendrocytes
(Pamies et al., 2017; Monzel et al., 2017) and, in some cases,
even microglia (Ormel et al., 2018).

While brain organoids differentiated from stem or progenitor
cells closely mimic in vivo development (Camp et al., 2015) and
physiology (Quadrato et al., 2017), their generation follows long
and intricate protocols. These systems also do not allow control
over the exact final cellular composition and maturity. Achieving
reproducibility of the approach requires large efforts (Kelava and
Lancaster, 2016; Pasca et al., 2015; Yoon et al., 2019).

Simplified approaches to generating neuronal organoids utilize
the 3D culture of neuronal cell lines like NT2 (Serra et al., 2007,
Simao et al., 2016) or LUHMES cells (Harris et al., 2017, 2018;
Smirnova et al., 2016). The latter is a conditionally immortal-
ized human neuronal progenitor cell line that can be differentiat-
ed into mature dopaminergic neurons within six days (Lotharius

et al., 2005; Scholz et al., 2011). LUHMES cells have been ex-
tensively characterized (Gutbier et al., 2018a; Delp et al., 2018a;
Schildknecht et al., 2013b) and have been widely used to mod-
el neurodegeneration (Zhang et al., 2014; Efremova et al., 2017;
Scholz et al., 2018; Gutbier et al., 2018b) and for neurotoxicity
testing (Delp et al., 2019, 2018b; Krug et al., 2013, 2014; Tong
et al., 2017; Singh et al., 2018; Skirzewski et al., 2018; Witt et
al., 2017). Spheroid culture of LUHMES allows extended ex-
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perimental time frames (Harris et al., 2018; Smirnova et al.,
2016) and increases the complexity and in vivo relevance of the
system. Compared to stem cell-derived spheroids, 3D cultures of
LUHMES do not contain other neural cell types, e.g., astrocytes
or microglia.

However, the presence of glia, i.e., microglia and astrocytes,
in brain organoids may be the key to approaching physiological
functions of neurons further. Microglia are important for removal
of cell debris, for pathogen recognition, and as generators of ox-
idative stress (Schildknecht et al., 2013a; Hirt et al., 2000; Falsig
et al., 2008). Astrocytes play a crucial role in brain metabolism,
e.g., by recycling neurotransmitters (Sidoryk-Wegrzynowicz
et al., 2011) or as a source of cellular thiols (Wang and Cynad-
er, 2000; Gutbier et al., 2018b). They also control synapse for-
mation and elimination (Chung et al., 2015; Eroglu and Barres,
2010; Wilton et al., 2019; Jay et al., 2019; Klapper et al., 2019).
Moreover, astrocytes may play important roles in toxicology: On
the one hand, astrocytes have been shown to be neuroprotective
(Bélanger and Magistretti, 2009; Chen et al., 2009; Gutbier et
al., 2018b; Rathinam et al., 2012; Stary et al., 2015; Bylicky et
al., 2018), while on the other hand, they can trigger neurodegen-
eration upon inflammatory activation (Li et al., 2019; Efremova
et al., 2017; Falsig et al., 2004) or by metabolizing pro-toxicants
(Schildknecht et al., 2015). They are therefore of crucial impor-
tance for modelling of the brain environment and in-vivo-like re-
sponses to toxicants.

Co-culture of differentiated neurons and astrocytes was used
in multiple 2D models to investigate neuro-glial interactions
with precise control over cellular composition (Jones et al.,
2012; Efremova et al., 2015, 2017; Gutbier et al., 2018b; Roque
and Costa, 2017). This was also explored in organoid cultures
(Krencik et al., 2017). Spheroid co-culture of LUHMES and glia
therefore offers a systematic approach to emulating the cellular
complexity of the human brain while retaining control of the cel-
lular composition and being able to produce organoids rapidly.

Many of the established organoid culture systems use spin-
ning bioreactors or shakers (Harris et al., 2017; Lancaster and
Knoblich, 2014; Pamies et al., 2017; Honegger and Richelson,
1977, 1979). However, it is unclear whether such spontaneous
self-organization methods allow the generation of co-culture or-
ganoids with pre-defined cell ratios. Another approach utiliz-
es hanging drops to generate neuronal spheroids. This approach
allows precise control over cellular composition (Nzou et al.,
2018), but it involves cumbersome handling. Spheroid genera-
tion from defined numbers of cells is also possible by using round
bottom ultra-low attachment (ULA) plates (Howes et al., 2014).
Definition of exact ratios of all populations is of interest, not on-
ly for co-cultures (e.g., systematic variation of the neuron-glia ra-
tio), but it is also important, e.g., if fluorescent or reporter cells
are to be added to neuronal mono-cultures (Schildknecht et al.,
2013b; Scholz et al., 2011; Krug et al., 2014).

Abbreviations

2D, two-dimensional; 3D, three-dimensional; DAT, dopamine transporter; DMEM, Dulbecco’s modified Eagle’s medium; EB, embryoid body; EdU, 5-ethynyl-2'-deoxyuridine;
FBS, fetal bovine serum; FGF, fibroblast growth factor; GFAP, glial fibrillary acidic protein; iPSC, induced pluripotent stem cells; LUHMES, Lund human mesencephalic;
MEA, micro-electrode array; MGV, mean grey value; MPP*,1-methyl-4-phenylpyridinium; NF200, neurofilament 200; PBS, phosphate buffered serine; Pl, propidium iodide;
PLO, poly-L-ornithine; PSC, pluripotent stem cells; PSD95, post-synaptic density protein 95; RFP, red fluorescent protein; RT, room temperature; SYP, synaptophysin;

ULA, ultra-low attachment
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In this study, we developed a ULA plate-based system to gen-
erate LUHMES organoids that can be handled individually. By
co-culturing LUHMES with mature human stem-cell derived as-
trocytes and microglia, we were able to reproducibly create more
complex, post mitotic, brain-like organoids. This modular ap-
proach offers precise control over cellular composition, allows the
investigation of neuron-glia interactions, and provides new oppor-
tunities for neurotoxicity testing.

2 Materials and methods

2.1 Chemicals

Erastin and MG-132 were purchased from Selleckchem, USA.
Veratridine and o,3-meATP were purchased from Tocris, UK.
MPP+, rotenone, carbaryl, valinomycin, colchicine, GBR-12909,
(-)-nicotine, Triton-X100, calcein-AM and D-sorbitol were all
purchased from Sigma-Aldrich, USA. Urea was purchased from
Roth, Germany.

2.2 2D LUHMES cell culture

LUHMES cells were handled as previously described in detail
(Scholz et al., 2011). Proliferating LUHMES cells were typically
cultivated in PLO/fibronectin-coated T75 flasks (Sarstedt, Ger-
many) in 10 mL proliferation medium. Proliferation medium
consisted of advanced DMEM/F12 (Gibco, USA) supplement-
ed with 2 mM glutamine (Sigma-Aldrich, USA) 1x N2 supple-
ment (Gibco, USA) and 40 pg/mL fibroblast growth factor (FGF)
(R&D Systems, USA). Cells were passaged into a new flask ev-
ery 2-3 days when they reached approximately 80% confluence.
To passage the cells, the medium was removed and the cells were
washed with 10 mL phosphate buffered saline (PBS) (Merck
Millipore, Germany). For detachment, cells were incubated for
3 min at 37°C in 2 mL 0.05% trypsin-ethylenediaminetetraacetic
acid (EDTA) solution (Gibco, USA). The trypsinized cell sus-
pension was added to 13 mL advanced DMEM/F12 without sup-
plements. The cell suspension was centrifuged at 300 x g for
5 min (1200 rpm, Heracus Multifuge 1 S-R, ThermoScientific,
USA) to wash out the trypsin. The supernatant was removed and
the pellet was resuspended in 1 mL of advanced DMEM/F12.
Cell number was determined by counting in a Neubauer count-
ing chamber. Cells were seeded at a confluency of 30,000 cells/
cm? for two days of proliferation; and at 15 000 cells/cm? for
three days of proliferation. Cells were cultivated at 37°C with
5% COa,. To initiate differentiation, proliferating LUHMES cells
were seeded at a confluency of 87,000 cells/cm? in differentia-
tion medium (displayed as day 0/d0 in figures). LUHMES differ-
entiation medium contained advanced DMEM-F12 supplement-
ed with 2 mM glutamine, 1x N2 supplement, 1 mM dibutyryl-
cAMP (Sigma-Aldrich, USA), 2 ng/mL glial cell-derived neuro-
trophic factor (GDNF) (R&D Systems, USA) and 2.25 uM tetra-
cycline (Sigma-Aldrich, USA). LUHMES cells were differenti-
ated for two days before sphere generation.

1 doi:10.14573/altex. 1911111s1
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Red fluorescent protein expressing LUHMES (RFP-LUHMES)
were cultivated in the same way. They were produced as previ-
ously described by our group (Schildknecht et al., 2013b). Brief-
ly, proliferating LUHMES cells were infected by lentiviruses
containing a turbo-RFP gene under a cytomegalovirus (CMV)-
promotor. REP-expressing LUHMES were selected by manually
picking red fluorescent colonies under a fluorescent microscope.
The colonies were propagated and the picking was repeated until
all cells showed red fluorescence. The culture medium of all used
cell lines was regularly checked for mycoplasma contamination
by Venor®GeM Classic kit (Minerva Biolabs, Berlin, Germany).
LUHMES cells working stock was validated by short tandem re-
peat profiling.

2.3 Astro.4U cell culture

Human iPSC-derived Astro.4U astrocytes were kindly provid-
ed by Ncardia, Germany, and used exactly as described previ-
ously (Gutbier et al., 2018b). Briefly, cryopreserved cells were
thawed in 9 mL Neuro.4U basal medium (Astro.4U kit, Ncardia,
Germany) according to the manufacturer’s handling guide. They
were centrifuged at 300 x g for 5 min. The pellet was resuspend-
ed in Astro.4U culture medium and seeded at a density of 40,000
cells/cm? on Matrigel (Corning, USA). For maintenance, medi-
um was exchanged completely every three to four days. The as-
trocytes used in our experiments were comprehensively charac-
terized: They expressed typical astroglial markers (glial fibrillary
acidic protein (GFAP), aquaporin (AQP)4, monoamine oxi-
dase B (Mao-B)) (Fig. S1A,B), were responsive to inflamma-
tory stimuli, and were fully post mitotic (data not shown). When
co-cultured with differentiated LUHMES cells, they changed
shape from a triangular, flattened morphology to the typical star-
shaped morphology (Fig. S1B'). For use in co-culture organoids,
Astro.4U were detached with Accutase® (Corning, USA) for
5 min at 37°C. Cells were washed off with DMEM/F-12 and
centrifuged for 5 min at 300 x g (1200 rpm, Heraeus Multifuge
1 S-R, ThermoScientific). Cells were resuspended in DMEM/
F-12, counted, and used for characterization or mixed with
LUHMES (d2) cells in appropriate cell ratios. Cell characteri-
zation (morphology, marker expression, cytokine response)
showed typical astrocyte characteristics, similar to Astro.4U.

2.4 Astro.KN differentiation and culture

Astro. KN were differentiated from the human stem cell line H9
(Thomson et al., 1998) according to Palm et al. (2015), until they
reached the neural stem cell (NSC) state. At this state, NSC were
cultivated for 49 days in NSC-medium consisting of DMEM/F12
(Gibco, USA) supplemented with N2 (0.5x; Gibco, USA), B27
with vitamin A (1x; Gibco, USA), L-glutamine (2 mM; Sigma-
Aldrich, USA), FGF2 (20 ng/mL; R&D, USA), epidermal growth
factor (EGF) (20 ng/mL; R&D, USA) and leukemia inhibitory
factor (LIF)1010 (1.5 pL/mL; Merckmillipore, Germany). For
further differentiation towards astrocytes, d49 NSC were seed-
ed at a density of 50,000 cells/cm? on Matrigel-coated (1:20 di-
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lution in DMEM/F-12) plates in NSC-medium. Astrocyte differ-
entiation was induced after 2 days by changing the NSC-medi-
um to astrocyte differentiation medium (1% fetal bovine serum
(FBS) in NSC medium without growth factors). Astrocytes were
differentiated for at least 35 days with weekly passaging and me-
dium change every other day. For passaging and incorporation
into organoids, astrocytes were detached with Accutase® (Corn-
ing, USA) for 5 min at 37°C, washed off with DMEM/F-12
and centrifuged at 500 x g for 5 min. Cells were resuspended in
DMEM/F-12, then counted and mixed with LUHMES (d2) cells
in appropriate cell ratios.

FBS has been used in many protocols to generate astrocytes
from stem cells (Chandrasekaran et al., 2016) and also in the pro-
tocol adapted for our study. We have tried to replace FBS with
human serum or human platelet lysate or with isolated morpho-
gens such as BMP4. These attempts have been only partly suc-
cessful. The differentiation with only 1% FBS still produces the
best results in terms of efficacy and reproducibility, but we will
keep looking for alternatives for future studies.

2.5 Microglia culture

For this protocol, an iPSC line (STBCi026-A, StemBANCC)
was used that was engineered to stably express green fluores-
cent protein (GFP) under a constitutive promotor by lentiviral
transfection. In order to obtain macrophage progenitors, iPS
cells were differentiated as described in detail (van Wilgenburg
et al., 2013; Haenseler et al., 2017). Briefly, iPS cells were de-
tached by incubation with Accutase (Corning, USA) for 5 min at
37°C. The cell suspension was then diluted with mTESR (Stem-
Cell Technologies, Canada) and centrifuged for 5 min at 300 x
g. Embryoid body (EB) formation was induced by addition of
4x10° cells per well in an Aggrewell 800 plate (StemCell Tech-
nologies, Canada) in mTESR containing 10 pM Rock inhibi-
tor Y27632 (Tocris, United Kingdom). For EB formation, cells
were cultured for 4 days in Aggrewell plates, with a 66% medi-
um change every 24 h. For mesoderm induction, mTESR was
supplemented with BMP4 (50 ng/mL; Peprotech, USA), VEGF
(50 ng/mL; R&D Systems, USA) and SCF (20 ng/mL; R&D
Systems, USA) at 24 h after replating. After 4 days of EB forma-
tion, EBs were dislodged and transferred to cell culture dishes
in XVIVO 15 medium (Lonza, Switzerland) containing M-CSF
(100 ng/mL; Miltenyi, Germany), IL-34 (25 ng/mL; Miltenyi,
Germany), B-mercaptoethanol (50 uM Invitrogen, USA), Glu-
tamaxx (2 mM, Invitrogen, USA) and PenStrep (Invitrogen,
USA). Dishes were left untouched in the incubator for the fol-
lowing 7 days. The medium was partially (50%) renewed at d7
and d14 after replating of the EBs. Once the “blood factory”
stage was reached and the production of pre-macrophages was
ongoing, medium was exchanged twice per week. Pre-macro-
phages were harvested from the supernatant by centrifugation.
Pre-macrophages were differentiated toward microglia-like
cells in XVIVO 15 medium supplemented with GlutaMAX™
(1x; Gibco, USA), Penicillin-Streptomycin (1x; Gibco, USA),
IL-34 (100 ng/mL; R&D Systems, USA) and GM-CSF (10 ng/
mL; R&D Systems, USA) for 7 days according to Haensler et
al. (2017) (Fig. S2A%). The cells were characterized by immu-
nostaining of microglia markers (Ibal, PU.1) and by their abili-
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ty to release cytokines upon stimulation with LPS (Fig. S2B,C!).
Microglia-like cells were used for the incorporation in LUH-
MES organoids (zastrocytes). For this, LUHMES differentia-
tion medium was supplemented with Penicillin-Streptomycin,
1L-34 (100 ng/mL) and GM-CSF (10 ng/mL).

2.6 Coating of cell culture plates

For maintenance culture and differentiation, LUHMES cells
were seeded in T75 flasks (Sarstedt, Germany). To ensure ho-
mogenous growth and sufficient adhesion, the flasks were coat-
ed. Coating solution contained 43 pg/mL Poly-L-ornithine hyd-
robromide (PLO, Sigma-Aldrich, USA) and 1 pg/mL fibronec-
tin (Sigma-Aldrich, USA) in milliQ H»O. Flasks were incubated
with 10 mL coating solution at 37°C overnight. After incubation,
the coating solution was removed and the flasks were washed
twice with milliQ H;O. If not used immediately, the coated flasks
were dried and stored at 4°C. Astro.4U and Astro.KN were cul-
tured on Matrigel (Corning, USA) coating. An ice-cold suspen-
sion of 1% Matrigel in cold DMEM/F-12 was added to cell cul-
ture plates and then incubated for at least 30 min at 37°C. Before
plating, Matrigel suspension was aspired.

2.7 Organoid culture

Generation and culture of organoids

To generate LUHMES organoids, 5000 or 7500 d2 LUHMES
cells were seeded in 100 pL differentiation medium per well in
ULA round-bottom 96-well plates (Corning 7007, USA). To ac-
cumulate the cells at the well bottom, plates were centrifuged at
300 x g (Heraeus Multifuge 1 S-R, ThermoScientific, USA) for
5 min. Spheres formed spontaneously. Plates were incubated at
37°C at 5% COa,. Every two to three days, half the medium (50 uL)
was exchanged. For the generation of co-culture organoids,
4500 d2 LUHMES cells were mixed with 500 Astro.4U or
4000 d2 LUHMES cells were mixed with 1000 Astro.KN in
100 pL differentiation medium per well. Generation of organoids
and medium exchange was conducted in the same way as with
mono-culture LUHMES organoids.

Organoid plating

To plate LUHMES or co-culture organoids, 96-well plates were
coated with 50 pL/well ice-cold 1% Matrigel in LUHMES dif-
ferentiation medium and incubated at 37°C for 30 min. Organ-
oids were then taken up in 50 pL medium with cut-off micro-
liter pipette tips and separately seeded onto Matrigel (1 organ-
oid/well), which resulted in a Matrigel concentration of 0.5% in
the well. Plates were gently rocked to ensure central placement
of the organoid in the well. Plated organoids were incubated at
37°C with 5% CO,.

Since Matrigel is derived from an animal source and chemi-
cally rather undefined, we tried to replace it with PLO, laminin
(up to 2 pg/mL), fibronectin (up to 1 pg/mL) and/or collagen IV
(up to 50 pg/mL). However, none of these coatings led to neurite
outgrowth comparable to Matrigel.

Size measurement

The size of the organoids was measured directly in the ULA
round bottom plates. Bright field images of living whole organ-
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oids were recorded at 5x magnification (AxioObserver, Zeiss,
Germany). The area of the organoids was evaluated by Imagel
(FIJI Version 1.51s). The threshold was determined automatical-
ly; the area was measured by the “analyze particles” algorithm
with individually set low cut-off. The measured area was then
calculated back to organoid diameter.

2.8 Neurite area determination

To determine the area of neurites that grew out of the plated or-
ganoids, plated organoids were incubated with 1 uM calcein-AM
(Sigma-Aldrich, USA) for 60 min to visualize living cells and their
neurites. In an alternative approach, RFP-expressing LUHMES
organoids were used and fluorescent imaging was performed
(AxioObserver, Zeiss, Germany). Whole wells were imaged at
5x magnification in 12 separate images that were stitched by a
stitching algorithm (ZEN software blue edition, Version 1.1.2.0,
Zeiss, Germany). Stitched images were processed in ImageJ (FI-
JI Version 1.51s). Neurites were amplified with the “find edg-
es” algorithm. The threshold was then automatically determined
by the “threshold” algorithm, and the area was measured using
the “analyze particles” algorithm with appropriate cut-offs. Or-
ganoids located close to the well border were excluded from the
analysis.

2.9 Organoid viability determination

Viability of organoids was evaluated by propidium iodide (PI,
Sigma-Aldrich, USA) fluorescence intensity. Organoids were in-
cubated with 1.5 uM PI for 1 h. Fluorescence intensity was re-
corded by fluorescence microscopy (AxioObserver, Zeiss, USA)
and analyzed as mean grey value (MGV) in Imagel] (Version
1.51s). Cell death was evaluated relative to a positive control
treated with 0.5% Triton-X100 (Sigma-Aldrich, USA) for 1 h.
MGVs were baseline corrected by subtracting the MGV of un-
treated organoids.

2.10 Immunostaining of organoids

To immunostain floating organoids, at least five organoids were
collected in culture medium from ULA plates. Organoids were
fixed in 4% para-formaldehyde (Leica Microsystems, Germa-
ny) for 30 min at room temperature (RT). Fixated organoids
were washed three times with PBS. After washing, organoids
were permeabilized and cleared with ScaleS (20% sorbitol, 10%
glycerol, 4 M urea, 0.2% Triton-X 100, in milliQ H,O) (Hama
et al., 2015) for 48 h at 4°C. Cleared organoids were again
washed three times with PBS and then blocked with blocking
buffer (0.5% Triton-X100, 5% FBS (Gibco, USA) in PBS) at RT
for 1 h. Blocking solution was removed and primary antibodies
against the proteins of interest diluted in blocking buffer were
added (Tab. S1'). Organoids were incubated with primary anti-
bodies for 48 h at 4°C. After incubation, organoids were washed
three times with PBS. Corresponding secondary antibodies cou-
pled to fluorophores were diluted 1:1000 in blocking buffer. Or-
ganoids were washed three times with PBS and were then incu-
bated with secondary antibody solution for 48 h at 4°C. In par-
allel, nuclei were counterstained with 6.15 pM Hoechst-33342
(ThermoFisher, USA) in the secondary antibody solution. Phal-
loidin-555 (Invitrogen, USA) was applied together with primary
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and secondary antibodies. Organoids were then mounted on mi-
croscope slides with Aqua-Polymount (Polysciences Inc., USA)
and covered with coverslips. A complete list of antibodies used is
given in Tab. S11.

For immunostaining of plated organoids, organoids were plat-
ed on 8-well p-slides (ibidi, Germany). Immunostaining was per-
formed as described except no mounting step was performed.
Plated organoids were imaged in PBS.

2.11 Proliferation assay

For proliferation staining, 5000 d2 LUHMES cells or 4500 d2
LUHMES with 500 Astro.4U were seeded into ULA plates for
sphere generation and cultivated for up to 14 days. To visualize
proliferating cells, the EQU cell proliferation kit (BaseClick, Ger-
many) was used according to the manufacturer’s instructions.
The thymidine analog 5-ethynyl-2’-desoxyuridine (EdU) is on-
ly incorporated into cells in S-phase; incorporated EdU is then
labeled with a fluorescent dye. Briefly, living organoids were in-
cubated with 10 uM EdU for 60 min. Subsequently, they were
fixed with 4% para-formaldehyde for 30 min at RT and permea-
bilized with 0.5% Triton-X in PBS for 1 h at RT. After washing
three times with PBS, 5-TAMRA-PEG3-azide (red fluorescent;
555 nm) was linked to the incorporated EdU in a click reaction
for 30 min at RT. Nuclei were either directly counterstained with
6.15 uM Hoechst-33342 for 48 h or further immunocytochemis-
try was performed.

2.12 Imaging of organoids

To image immunostained plated and floating organoids, confocal
microscopy was performed (LSM 880 with AiryScan, Zeiss, Ger-
many). Optical sectioning was performed by acquiring z-stacks
at 2 pm intervals. Within one experiment, the same laser intensity
was used for all samples. Light sheet images were recorded with
a MuVi SPIM microscope (Luxendo, Germany). Time-lapse,
bright field and epifluorescence images were recorded with an
AxioObserver epifluorescence microscope (Zeiss, Germany).
Images were processed in ImagelJ (Fiji Version 1.51s).

2.13 Colocalization analysis

To evaluate the colocalization of pre- and post-synaptic mark-
ers, synaptophysin (SYP) and post-synaptic density protein 95
(PSD95) were immunostained and imaged by confocal micros-
copy (Zeiss LSM 880 with AiryScan,63x/1.4 Plan Apochromat
Oil objective). Mander’s colocalization coefficient (Manders et
al., 1993) was calculated with Imagel’s “colocalization thresh-
old” function using Costes’ randomization for threshold determi-
nation (Costes et al., 2004). Confocal z-stacks (10 um) at an in-
terval of 0.2 um were analyzed.

2.14 Statistical analysis

Statistical analysis was performed with GraphPad Prism 5 soft-
ware (Version 5.03). Biological replicates are indicated by “N”,
technical replicates are indicated by “n” in the figures or figure
legends. Curves were fitted by a four-parameter fit with top con-
straint set to 100%. Statistical tests and significance levels are in-
dicated in the figure legends. P-values < 0.05 were regarded as

statistically significant.
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Fig. 1: Fast generation of mature neuronal organoids using a ULA plate method

(A) Generation of LUHMES organoids in ULA round bottom plates. Differentiation of LUHMES was started in monolayers (M) on dO

by supplementation of tetracycline. After 48 h, LUHMES cells (d2, 7500 cells/well) were seeded into ULA plates and centrifuged. After
24 h, spheres were fully formed. (B) Montage of bright field images of all 60 organoids in one ULA plate 24 h after seeding (d3).

Scale bar = 500 ym. (C) Selected time points of a time-lapse recording of sphere formation in ULA plates (see video 12). (D) Normal
(wild-type, WT) LUHMES were mixed with LUHMES engineered to overexpress red fluorescent protein (RFP) at a WT:RFP ratio of 50:1
and used to generate neurospheres. On day 8 of differentiation, the organoids were imaged by confocal microscopy at multiple image
planes in the z-dimension (z-increment: 1.31 ym). From this, a maximum intensity projection of 40 image planes was generated

and displayed (total z distance: 52.4 ym). The dotted line indicates the organoid border. (E) LUHMES organoids were fixed on d6 and
immunostained against NF200, a pan-neuronal marker, and dopamine transporter (DAT), a marker of dopaminergic neurons. Nuclei
were counterstained with Hoechst-33342. Confocal microscopy was used to visualize an image plane in the middle of the organoid.
(F) Organoids were fixed and immunostained for pre-synaptic marker SYP and post-synaptic marker PSD95 on d8 and d14. Confocal
detail images from inside the organoids are shown. Arrows point towards overlapping fluorescence signals, which appear yellow,
indicating colocalization. (G) Colocalization of SYP and PSD95 was quantified by determining Mander’s colocalization coefficient
(Manders et al., 1993). It describes the relative amount of PSD95 pixels colocalized with SYP* pixels and vice versa. Data are means
+SEM from three organoids per time point and experiment. Experiments were conducted in independent triplicates.
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3 Results and discussion

3.1 Generation and characterization

of LUHMES organoids

LUHMES organoids are structurally more similar to human
brain tissue than conventional 2D cell cultures (Smirnova et al.,
2016). Here, we developed a new method to generate LUHMES
organoids that allows the incorporation of defined numbers of
other cells, showing high reproducibility, and requires few re-
sources and little time. First, LUHMES cells were pre-differen-
tiated for two days, then they were seeded in defined numbers
into ULA plates (Fig. 1A). After a centrifugation step, spheroids
formed spontaneously within 24 h. We recorded this process by
time-lapse microscopy to visualize the kinetics of the spheroid
formation (Fig. 1C; video 12). As all cells added to the well as-
sembled to one single organoid, the method allowed the gener-
ation of highly homogeneous LUHMES organoids with control
over cell numbers and size (Fig. 1B).

LUHMES 2D cultures are regarded as fully differentiated on d6
after tetracycline supplementation (Scholz et al., 2011). We there-
fore examined the organoids on d6. Immunostaining revealed a
homogeneous expression of the pan-neuronal marker neurofila-
ment 200 (NF200) and the presence of the dopamine transporter
(DAT), a marker of dopaminergic neurons (Fig. 1E).

The method developed here allowed for various cell sub-
populations (e.g., red fluorescent protein expressing LUHMES
(RFP-LUHMEY)) to be incorporated into the organoids. Spiking
of the organoids with a small percentage of labelled cells allowed
the visualization of single neurons inside the organoids. Confo-
cal imaging of organoids containing 2% RFP-LUHMES on d8
revealed a distinct neuronal morphology of the fluorescent cells
(Fig. 1D). Neither deformations of organoids nor necrotic cores
were observed (Fig S31).

We further investigated the presence of other markers of neu-
ronal maturity: Immunostaining of the pre-synaptic marker SYP
and the post-synaptic marker PSD95 revealed expression of both
markers. Their co-localization indicated close proximity of pre-
and post-synaptic structures as typically formed in neuronal syn-
apses (Fig. 1F). Quantification of this colocalization revealed an
overlap of PSD95 with SYP of over 75% on d14 (Fig. 1G).

Overall, these results show that mature neuronal organoids are
generated from LUHMES cells within 8 days, which is consider-
ably faster than when generating neural organoids with stem-cell
based methods. We conclude that the ULA plate method allows
the easy generation of spheroids and provides the option to incor-
porate various cell types at defined ratios.

3.2 Neurite outgrowth of LUHMES organoids

as a functional endpoint for neurotoxicity

Many neural organoids, including those based on LUHMES cells
(Wang et al., 2018; Harris et al., 2018; Livni et al., 2019), show
neurite outgrowth when plated onto an extracellular matrix. We
tested whether ULA-generated LUHMES organoids behave sim-
ilarly. Indeed, neurites grew out from LUHMES organoids after

2 doi:10.14573/altex.1911111s2
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plating on Matrigel, while cell bodies remained localized in the or-
ganoids (Fig. 2A). Spheroids cultivated for 6-14 days prior to plat-
ing all showed neurite outgrowth, and the length of neurites (i.e.,
the area covered by neurites) increased continuously (Fig. 2B).
Organoids plated on d14 reached a neurite area of 21 +2 mm? after
3 days. This corresponds to an extrapolated average neurite length
of ca. 2.5 mm. Some neurites reached a length of up to 3 mm be-
fore they hit the wall of the cell culture well. From this data, we
calculated an average outgrowth speed of about 40 pm/h.

To further characterize the neurites, we performed immunos-
taining after 72 h. In general, neurites protruded from the organ-
oids in a radially organized manner (Fig. 2D). The presence of
growth cones at the end of all neurites indicated active, ongo-
ing neuritogenesis (Fig. 2C). Thus, this system allows the fast
generation of organized neurite networks with known polariza-
tion (cell bodies in the organoids, neurites in the periphery) and a
clear spatial separation of cell bodies and neurites. Here, we refer
to plated organoids as 2.5 dimensional (2.5D) cultures.

To enable testing of toxicants, we established a viability end-
point for LUHMES organoids based on the uptake of propidi-
um iodide (PI). The dye enters only dead cells with damaged cell
membranes and stains their DNA (Riccardi and Nicoletti, 2006).
In a first experiment, we evaluated the fluorescence intensity of
whole, floating organoids stained with PI as a measure for cell
death. With increasing concentrations of MPP+, the fluorescence
of Pl increased, whereas the intensity of the live cell stain calcein
decreased (Fig. 3A). Changes occurred exactly in the concentra-
tion range relevant for MPP+ toxicity (Schildknecht et al., 2009).
Therefore, this endpoint allowed the assessment of overall cell
viability in organoid structures, which do not easily allow single
cell analysis.

From previous studies, we know that some neurotoxicants
may exert specific effects on neurites without killing the cells
(Stiegler et al., 2011; Krug et al., 2013; Delp et al., 2018b). How-
ever, the assessment of neurite integrity in 3D cultures is a ma-
jor challenge: It requires intricate staining and imaging proto-
cols, and it requires 3D rendering or stereology procedures. This
makes it hard to assess large sample numbers, e.g., for substance
screening. The outgrown neurites of 2.5D cultures are more ac-
cessible to staining and imaging than neurites inside organoids,
while their somata remain in a 3D environment. Thus, we aimed
to utilize the neurite outgrowth of LUHMES organoids as an
endpoint for neurotoxicological testing. To this end, we estab-
lished an exposure scheme based on the treatment of LUHMES
organoids. Exposure to the dopaminergic neuron-specific toxi-
cant MPP+ for 72 h during neurite outgrowth allowed us to quan-
tify the neurite area of the same organoids every 24 h (Fig. S41).
The test compound drastically reduced the neurite area after 72 h
exposure. Furthermore, the MPP+ effect was completely rescued
by GBR-12909, a DAT inhibitor. These data add further evidence
of the dopaminergic phenotype of LUHMES cells, and they sug-
gest the suitability of the organoids for toxicity testing.

From this pilot experiment, we developed an exposure scheme
for toxicity testing: LUHMES organoids were plated on d8 and
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Fig. 2: Rapid and extensive neurite outgrowth from

organoids after plating

(A) LUHMES organoids were transferred on d8 from ULA plates

to 96-well dishes coated with 0.5% Matrigel. After 24, 48 and

72 h they were live-stained with calcein-AM and imaged by
fluorescence microscopy. Images representative of five organoids
per time point are displayed. The dashed line indicates the edge
of the cell culture dish. (B) The total area of neurite outgrowth was
determined for different plating days for five organoids per time
point. Plated organoids were live-stained (calcein-AM) and imaged
by fluorescence microscopy. Images were analysed in ImageJ.
The experiment was performed in three independent biological
replicates. Data are means +SEM. Statistical significance was
evaluated by two-way ANOVA with Bonferroni’s post hoc test.
Asterisks above bars indicate significance vs the sphere-covered
area 24 h after plating. *p < 0.05, **p < 0.01, ***p < 0.001. (C)
LUHMES organoids were plated on d14 and fixed after 72 h.
F-actin was stained with phalloidin-555 and $3-tubulin with a TUJ1
antibody. A fluorescence microscopy image of the growth cones
of neurites is shown. White boxes indicate areas with growth
cones; white arrows indicate emerging branches. Growth cones are
characterized by a B3-tubulin-negative and strongly F-actin positive
broadened tip. (D) LUHMES organoids were plated on d8 and
fixed on d11. A representative, confocal image of immunostained
(NF200) neurites is shown. The organoid is located to the left (not
visible).

subsequently treated with the substance of interest for 72 h (Fig.
3B). Calcein/PI double staining was used to assess toxicant ef-
fects on the 2.5D cultures. This method allowed the parallel eval-
uation of neurite outgrowth (calcein-positive) and cell viability
(PI-positive) by automated high-content imaging (Fig. 3C). Treat-
ment of plated organoids during neurite outgrowth with as little

3 doi:10.14573/altex.1911111s3
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as 1 uM MPP+ revealed a decreased neurite area while general
cell viability was not affected. This indicates a specific toxicity
of MPP+ for neurites extending from organoids (Fig. 3D). More-
over, the potency of MPP+ (low uM range) underlines the exqui-
site sensitivity of this test system for toxicants relying on the do-
paminergic phenotype (DAT expression) of target cells. Typical
concentrations of MPP+ used in other test systems range in the
mM range (Kim and Park, 2018; Fonck and Baudry, 2001).

To evaluate the specificity of our assay, we tested four oth-
er compounds that earlier were identified to affect the neurite
outgrowth of 2D LUHMES (Delp et al., 2018b). Moreover, the
proteasome inhibitor MG132 was included as a neurodegen-
erative compound that has no selectivity for neurites (Gutbi-
er et al., 2018b). In good agreement with published data on 2D
LUHMES, MPP+, rotenone, carbaryl, valinomycin and colchi-
cine all caused reduced neurite outgrowth at concentrations that
did not kill the cells. As expected, MG132 affected neurites on-
ly at concentrations that killed the cells (Fig. 3E). These results
show that we can detect specific neurite toxicants with LUHMES
organoids by an automated imaging approach. The high content
imaging method allows high throughput compound testing. In
summary, the 2.5D organoid approach allows easy assessment of
neurite-specific toxicity, while it provides opportunities for ex-
tended exposures and close interactions of cell bodies typical for
organoid systems.

Moreover, this spatial separation of somata and neurites allows
the investigation of neurite-specific processes that are not trivial in
complex networks of somata/neurites found in conventional cul-
tures: Here, we exemplified this advantage by tracking mitochon-
drial movement in the outgrown neurites of plated LUHMES or-
ganoids. Somatic mitochondria interfere with image analysis of
neurite-located mitochondria, limiting the valid fields for image
analysis. The 2.5D configuration allowed tracking mitochondria
exclusively located in neurites without actively needing to avoid
imaging of somata. This analysis allowed quantification of mito-
chondrial speeds and confirmation of earlier findings that mito-
chondrial toxicants (MPP+, rotenone) reduce mitochondrial mobil-
ity prior to effects on cell viability or neurite structures (Fig. S51).

3.3 Incorporation of human stem-cell derived
astrocytes into LUHMES organoids
The human brain consists of many cell types besides neurons. In
particular, astrocytes have gained increasing attention (Chung et
al., 2015; Li et al., 2019; Nedergaard et al., 2003; Falsig et al.,
2008; Ji et al., 2019; Clarke and Barres, 2013; Verkhratsky and
Nedergaard, 2018). Co-culture systems are very attractive to
study effects of astrocytes on neurons. We therefore investigated
whether astrocytes can be incorporated into LUHMES organoids.
To this end, we mixed LUHMES with iPSC-derived human astro-
cytes (Astro.4U) and seeded the cell suspension into ULA plates.
Spheroids were formed that were similar to LUHMES mo-
no-culture organoids (Fig. 4A), and astrocytes were well inte-
grated (Fig. 4B; videos 23 and 34). Intriguingly, the continued
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Fig. 3: Identification of specific neurotoxicants by utilizing the neurite outgrowth of LUHMES organoids

(A) LUHMES organoids (non-attached) were treated with MPP* in ULA plates for 72 h. Subsequently, they were live-stained with calcein-
AM and PI. Representative fluorescent microscopy images are shown. (B) LUHMES organoids were plated on Matrigel on d8. After 2 h
of attachment, they were treated for 72 h. On d11, they were live-stained with Pl and calcein-AM. (C) ImageJ workflow to determine neurite
area (NA) and viability (V): The total NA was determined from whole-well images of calcein-stained neurites. V was determined by the
overall Pl fluorescence intensity (mean grey value, MGV) relative to a dead control (0.5% Triton-X100 for 1 h). (D) Representative images
of neurite outgrowth (stained with calcein) and Pl fluorescence of plated organoids treated with MPP* for 72 h (d8-d11). Images were
recorded by fluorescent microscopy. (E) Concentration-response curves of example substances tested in the assay described in D.

The neurite area was normalized to a solvent control; viability was normalized to a dead control (0.5% Triton-X100). EC50na and EC50y
were determined from the curve fits. Data are means +SEM of three biological replicates. For each biological replicate, at least three
organoids were analyzed per condition.

growth in mono-culture spheres was not observed for LUHMES-  to the formation of a stable, post-mitotic system. Mono-culture
astrocyte mixed organoids (Fig. 4C). To test whether astrocytes ~LUHMES proliferation alternatively could be prevented by 48 h
prevented proliferation of LUHMES cells in organoids, we per-  treatment with taxol (Smirnova et al., 2016) or cytarabine (AraC)
formed an EdU proliferation assay, which revealed proliferating  (Fig. S6'). However, incorporation of astrocytes seems to be
cells in LUHMES organoids as described earlier (Smirnova et  more physiological than treatment with cytostatic drugs, and it
al., 2016), but not in co-culture organoids (Fig. 4D). This shows  prevents possible interferences of the substance with neurite out-
that incorporation of astrocytes into LUHMES organoids leads  growth or other endpoints.
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Fig. 4: Stabilization of LUHMES organoids by incorporation of stem cell-derived human astrocytes

(A) Co-culture spheres were generated by mixing d2 LUHMES and astrocytes (Astro.4U 10:1, Astro.KN 5:1) and seeding 5000 cells/well
into ULA-plates. After centrifugation, spheres formed spontaneously within 24 h. (B) Co-culture organoids (10% Astro.4U) were fixed
and immunostained on d6. Light sheet microscopy was performed, and 3D reconstruction images were rendered. The upper row shows
three different z-planes from the pole to the equator of the sphere. The lower row shows different perspectives. A full rotation of the
sphere can be seen in video 23. 0°2 0's, 120° 2 1.6 s, 240° 2 3.2 s. (C) Size of LUHMES and co-culture organoids (10% Astro.4U) was
measured during three weeks of cultivation by bright field imaging and subsequent image analysis. Data are means +SD (n = 10, N = 3).
(D) 5-Ethynyl-2’-deoxyuridine (EdU) was added for 60 min on d7 or d14. Staining for incorporated EdU was used to visualize proliferating
cells in mono- and co-culture organoids. Nuclei were counterstained with Hoechst-33342. 12 +5% of cells in LUHMES organoids were
found to be EdU positive on d8. In coculture organoids, only single cells (< 1%) were EdU-positive. Organoids were imaged by confocal

microscopy with a 2 ym z-increment. Maximum z-projections of 10 ym of the organoids are shown.

After three weeks in culture, most organoids contained areas in
which astrocyte processes and neurites were enriched relative to
cell bodies (Fig. 5A). Future studies may attempt to incorporate
oligodendrocytes and to examine whether such areas form cor-
relates of “white matter”.

Immunostaining of astrocyte-LUHMES organoids, cultured
for up to 4 weeks revealed structural integrity throughout, and
absence of any nuclear fragmentation. After four weeks, astro-
cytes were still fully integrated in the organoids. When these
co-culture organoids were plated, LUHMES cells showed the ra-
dial outgrowth observed in mono-culture organoids. Moreover,
astrocytes organized radially around the organoid, forming a gli-
al corona (Fig. 5B).

We tested whether astrocytes from different sources behave
similarly (Chandrasekaran et al., 2016) by using an established
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gliogenesis protocol to produce astrocytes from pluripotent stem
cells (Palm et al., 2015). These glia cells (termed Astro.KN) in-
tegrated well, prevented LUHMES organoid growth (Fig. S71),
and enabled long term culture (Fig. 5C). They also formed a co-
rona around the organoid upon plating (Fig. 5D).

These experiments show that our modular approach for organ-
oid generation can be utilized to integrate different types of astro-
cytes into LUHMES organoids at defined ratios (e.g., 10% As-
tro.4U or 20% Astro.KN). Co-culture with astrocytes leads to a
general stabilization of the system, allowing long-term culture.

To make the system more broadly available, we tested wheth-
er organoids can be shipped. For this, we used overnight mail
and stored organoids in sealed ULA plates. After arrival, organ-
oids showed normal viability and neurite outgrowth after plat-
ing (Fig. S8A'). Shipped plated organoids were used to investi-
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Fig. 5: Neuro-glial interaction upon long-term culture and plating of mixed organoids

(A) Co-culture organoids with 10% Astro.4U were fixed on d14, d21 and d28 and immunostained against GFAP and NF200. Nuclei were
counterstained with Hoechst-33342. Optical sections in the middle of the organoids are shown. A dense, nuclei-free area is indicated

with arrows, and is shown in detail below. (B) On d8, co-culture organoids were plated on a Matrigel coated plate. They were fixed and
immunostained after 72 h. A 10 um z-projection of confocal optical sections is shown (z-increment: 2 um). (C) Confocal optical sections of
co-culture organoids with 20% Astro.KN in the organoids. Organoids were fixed and immunostained after 1, 2, 3 or 4 weeks in culture.

(D) Z-projection of plated co-culture organoids with 20% Astro.KN after 72 h on Matrigel. z-increment: 2 ym; maximum z-projection: 26 ym.

gate the functional electrophysiological properties of this system.
Increases in intracellular free calcium concentrations could be
measured with a calcium-sensitive fluorescent dye after depolar-
ization with KCI, Na*-channel opening with veratridine, puriner-
gic receptor triggering with o,f-meATP, and ionotropic acetyl-
choline receptor triggering with nicotine (Fig. S8B!). Co-culture
organoids also showed spontaneous activity when plated on mi-
cro-clectrode array (MEA)-chips. However, only electrodes di-
rectly covered by the soma aggregation of the organoid showed
spontaneous spikes and bursts, and future optimization or change

ALTEX 37(3), 2020

of the MEA platform will be required (Fig. 8C-E!). The data sug-
gest further uses of LUHMES organoids for studies of electro-
physiological disturbances by toxicants.

3.4 Neuroprotection by astrocytes in co-culture
organoids

One major function of astrocytes is neuroprotection. Uncovering
modes of astrocyte-mediated neuroprotection might provide the
basis for new strategies of neuroprotection (Hansson et al., 2000).
Moreover, the neuroprotective effect of astrocytes could modu-
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Fig. 6: Neuroprotection by co-cultured astrocytes from erastin-induced ferroptosis

(A) Co-culture and LUHMES organoids were generated in ULA plates (5000 cells/well). LUHMES and co-culture organoids with

20% Astro.KN were transferred to Matrigel-coated 96-well plates on d8. After 48 h of neurite outgrowth, they were treated with erastin or
rotenone for 24 h. Plated organoids were then live-stained with calcein-AM and PI. (B) Whole well images of calcein-stained organoids
were used to quantify the total neurite covered area of LUHMES mono-culture and co-culture organoids at 72 h after plating with or
without the 24 h treatment with rotenone (Rot, 1 uM). PI staining was used to quantify the viability of organoids. The mean PI- fluorescence
was normalized to a dead control (organoids treated with 0.5% Triton-X100). (C) Representative fluorescence images of calcein- and
Pl-stained organoids after 24 h of erastin treatment. (D) Neurite area and viability of organoids was quantified after 24 h treatment with
erastin (Era, 10 yM). (n = 3, N = 3). Statistical significance was determined by one-way ANOVA with Tukey’s post hoc multiple comparisons

test. ns = not significant. *** p <0.001. n = 3. Data are means +SD.

late the adverse effects of potential neurotoxic compounds (Piz-
zurro et al., 2014; Gutbier et al., 2018b; Gerhardt et al., 2001).
However, the role of glia still needs to be defined for several re-
cently discovered modes of neuronal death.

For instance, little is known about ferroptosis, an iron-depen-
dent mode of programmed cell death (Dixon et al., 2012; Guiney
et al., 2017). To investigate the potential protective role of astro-
cytes in this type of neurodegeneration, we plated LUHMES mo-
no- and co-culture organoids and treated them for 24 h with the
canonical ferroptosis inducer erastin (Wolpaw et al., 2011; Dol-
ma et al., 2003; Dixon et al., 2012) (Fig. 6A). Neurite outgrowth
was used as test endpoint. In mono-cultures in 2.5D format, dras-
tic reduction in neurite area and pronounced cytotoxicity were
observed. However, there was no significant decrease in neurite
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area or cell viability in the presence of astrocytes (Fig. 6C,D).
The glial cells protected the neurons against erastin concentra-
tions as high as 40 uM (4x higher than the ICs) (Fig. S91).

For comparison, non-ferroptotic neuronal stress was triggered
by rotenone (Smirnova et al., 2016; Harris et al., 2018). Under
such conditions, a specific reduction of the neurite area was ob-
served, but cell bodies survived. In this paradigm, we observed
no protection by the astrocytes (Fig. 6B).

As a third neuronal death model, we inhibited the proteasome
by incubation with MG132 for 24 h. In earlier studies, we had ob-
served that astrocytes protect neurons against proteasome inhibi-
tion by supplying thiol (Gutbier et al., 2018b). Using LUHMES
organoids in the 2.5D format (Fig. 7A), we observed severe neu-
rodegeneration triggered by MG 132 in mono-culture organoids,
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Fig. 7: Protection of neurons by astrocytes from degeneration mediated by proteasome inhibition

(A) LUHMES and co-culture spheres (10% Astro.4U) were plated on Matrigel on d14 for 72 h. Treatment with the proteasome inhibitor
MG132 was conducted for 24 h from d16 to d17; then spheres were fixed and immunostained. (B) The neurite area in direct proximity of
plated organoids was quantified by evaluating NF200-positive pixels in detail images of the neurite network. Data are means +SD (n = 3).
Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test. ns = not significant, * = p <0.05. (C) Left: Confocal
images of whole plated organoids fixed on d17 and stained for NF200 and GFAP. Right: maximum z-projections (12 ym) of the neurite
network (NF200) in direct proximity of plated LUHMES and co-culture organoids. z-increment: 1.21 ym.

but not in co-culture organoids (Fig. 7B). Quantification of the
neurite area in direct proximity of the organoids (visualized by
immunostaining against NF200) confirmed this observation
(Fig. 7C).

This series of experiments demonstrates that the organoid
composition (i.e., the presence or absence of astrocytes) may af-
fect the outcome of neurotoxicity tests. Both erastin and MG132
have been used to model aspects of neurodegenerative diseas-
es (Bentea et al., 2017; Sun et al., 2006; Abdalkader et al., 2018;
Do Van et al., 2016). Thus, the combination of such model toxi-
cants with an organoid test system allows new approaches to bet-
ter simulate aspects of human neuropathology in vitro.

ALTEX 37(3), 2020

3.5 Incorporation of microglia-like cells into organoids
In order to test whether other types of glia may be incorporat-
ed into LUHMES organoids, we incorporated iPSC-derived
GFP-expressing microglia-like cells. They were obtained by dif-
ferentiation of pre-macrophages towards microglia-like cells in
the presence of GM-CSF and IL-34 (Haenseler et al., 2017). The
microglia were produced from iPSC that stably expressed GFP.
These fluorescent cells integrated into the LUHMES organoids
where they showed a ramified morphology (Fig. 8A).

Having established that LUHMES-microglia spheroids could
be produced by the ULA method, we tested whether two types of
glia can be combined into triple-co-culture organoids. We used a
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Fig. 8: Incorporation of microglia into organoids

(A) LUHMES organoids were generated from 90% d2 LUHMES and 10% GFP-microglia-like cells. They were plated on d11 and fixed
on d14. A 50 ym maximum z-projection of the immunostained plated organoids is shown (z-increment: 2 ym). Images to the right

show magnifications of the regions in rectangles. (B) Triple-co-culture organoid generation scheme. On d2 of LUHMES differentiation,
5000 cells/well (80% LUHMES, 10% Astro.KN, 10% GFP-microglia-like cells) were seeded into ULA round bottom plates. After
centrifugation, organoids formed spontaneously within 48 h. (C) Triple-co-culture organoids were plated on d11 and were allowed

to grow out for 72 h. Subsequently, they were fixed and immunostained for NF200, GFAP and GFP, then imaged by confocal microscopy.
A Z-projection of 20 um is shown (10 optical sections separated by 2 ym). Below: Magnification of the indicated rectangle, showing
ramified microglia in detail. Maximum z-projection: 20 ym, z-increment: 1 ym. (D) Floating triple-co-culture organoids were fixed on
d16, immunostained and imaged by confocal microscopy. A z-projection of 24 ym is shown (z-increment: 2 ym). Left: Composite image
of the small images below. Right: Amoeboid microglia in detail.
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Fig. 9: Overview of neural organoid models for neurodegeneration research

Choosing the right model for a given research question is a trade-off between accessibility of the material and throughput, and complexity
of the system. The latter may be linked to higher relevance with regard to in vivo predictions. Data from actual human brain serves

as orientation for disease models. Tissue-mimicking brain organoids allow the close recapitulation of organizing events in brain
development, and they show structural resemblance of the brain. More simple human brain microphysiological systems (BMPS) may mimic
microstructures (synapses, myelin, etc.) but not overall neuronal superstructures (e.g., cortical layers). 2.5D cultures of LUHMES with
human astrocytes (as presented here) combine some advantages of LUHMES cells with a more tissue-like co-cultures situation.

2D LUHMES culture is a well-established human neuronal model allowing high throughput and fast readouts. In screening approaches,
molecular interactions between substances and bio-macromolecules such as receptors can be evaluated, but it is difficult to predict

what the data means for human pathology. Images taken from: Amiri et al., 2018 (modified); Pamies et al., 2017; Scholz et al., 2011.

defined mix of 80% LUHMES, 10% astrocytes and 10% microg-
lia cells to generate spheroids in ULA plates (Fig. 8B). Here, the
microglia again took on a typical ramified morphology after their
incorporation in organoids (Fig. 8C). When the triple-co-culture
organoids were plated, neurites grew out, but microglia remained
inside the organoids. The ramified morphology of the microglia
was retained after plating (Fig. 8D).

The ability to generate co-culture organoids with or without
astrocytes or microglia offers a valuable tool for the investiga-
tion of neuro-glia interactions. These pilot experiments show that
LUHMES organoids can be further refined by the incorporation
of microglia at defined ratios.

4 Conclusions and outlook

Here, we introduce a new method to generate LUHMES or-
ganoids with or without glia. The ULA round-bottom plate ap-
proach allows a fast and reproducible generation of mature neu-
ronal organoids. Concerning neurotoxicity endpoints, we demon-
strated the usefulness of a rapid and simple Pl/calcein staining
protocol. More importantly, we introduce the use of so-called
2.5D cultures, in which reduced neurite outgrowth can be mea-
sured as an endpoint for specific neurotoxicity. By co-culturing

ALTEX 37(3), 2020

LUHMES with stem cell-derived human astrocytes in 3D,
post-mitotic organoids were formed without the need for adding
mitosis inhibitors. The co-culture organoids proved suitable for
studies of neurotoxicity and neuroprotection. It is of particular in-
terest that they may be used as a human cell-based model to study
ferroptosis. In preliminary experiments, we also demonstrated
that the organoid system can be expanded by adding further cell
types such as microglia.

In vitro modelling of the brain necessitates a trade-off between
approaching the brain’s complexity and being able to obtain
quantifiable readouts (Fig. 9). For instance, post mortem tissue
may be used to study the brain, but respective test systems allow
only very low throughput. On the other end of the spectrum of
models for human neurodegeneration, studying receptors of hu-
man neurons (Sipes et al., 2013) allows a high throughput, but it
is difficult to extrapolate results to whole tissues or patients. /n
vitro assays using human neurons represent a compromise be-
tween molecular approaches and post mortem tissue. These sys-
tems allow high throughput when high-content imaging and au-
tomated image evaluation are used as endpoints. However, con-
ventional cell monolayers fail to recapitulate important features
of the brain, such as the tight packing of cells in a tissue structure.
Organoid cultures may be able to bridge this gap. The most ad-
vanced systems are able to recapitulate brain tissue architecture,
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like cortical layering (Lancaster et al., 2013, 2017). Others show
less sophisticated patterning, but contain most cell types present
in the brain (Pamies et al., 2017). Building these organoids re-
quires lengthy protocols, and toxicity readouts are difficult to im-
plement. Additionally, the multitude of cell types — while closely
modelling the in vivo situation — complicates the analysis of tox-
icity mechanisms. Homogeneous mono-culture organoids, such
as 3D LUHMES (Smirnova et al., 2016), allow mechanistic stud-
ies, e.g., on cellular resilience (Harris et al., 2018).

An expansion of this model system is the organoid co-culture
of LUHMES and stem-cell derived human astrocytes (with or
without microglia). Integration of glia allows the generation of
post-mitotic organoids suitable for long-term culture. The modu-
larity of the system facilitates the study of glial effects, as demon-
strated here by their protection of neurons against erastin and
MG132. The additional incorporation of microglia opens up new
opportunities for studies of neuroinflammation. This three-cell-
type modularity could also allow modelling the cellular compo-
sition of different brain regions, which may help to identify why
some brain regions are more severely affected by neurodegenera-
tive diseases than others.

Due to the LUHMES cells’ dopaminergic phenotype and the
organoids’ responsiveness to model toxicants (MPP*, MG132,
rotenone), application of our system as an animal-free in vitro
model for Parkinson’s disease is of particular interest.
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