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A B S T R A C T   

Modern in vitro technologies for preclinical research, including organ-on-a-chip, organoids- and assembloid-based systems, have rapidly emerged as pivotal tools for 
elucidating disease mechanisms and assessing the efficacy of putative therapeutics. In this context, advanced in vitro models of Parkinson’s Disease (PD) offer the 
potential to accelerate drug discovery by enabling effective platforms that recapitulate both physiological and pathological attributes of the in vivo environment. 
Although these systems often aim at replicating the PD-associated loss of dopaminergic (DA) neurons, only a few have modelled the degradation of dopaminergic 
pathways as a way to mimic the disruption of downstream regulation mechanisms that define the characteristic motor symptoms of the disease. To this end, 
assembloids have been successfully employed to recapitulate neuronal pathways between distinct brain regions. However, the investigation and characterization of 
these connections through neural tracing and electrophysiological analysis remain a technically challenging and time-consuming process. Here, we present a novel 
bioengineered platform consisting of surface-grown midbrain and striatal organoids at opposite sides of a self-assembled DA pathway. In particular, dopaminergic 
neurons and striatal GABAergic neurons spontaneously form DA connections across a microelectrode array (MEA), specifically integrated for the real-time monitoring 
of electrophysiological development and stimuli response. Calcium imaging data showed spiking synchronicity of the two organoids forming the inter-organoid 
pathways (IOPs) demonstrating that they are functionally connected. MEA recordings confirm a more robust response to the DA neurotoxin 6-OHDA compared 
to midbrain organoids alone, thereby validating the potential of this technology to generate highly tractable, easily extractable real-time functional readouts to 
investigate the dysfunctional dopaminergic network of PD patients.   

1. Introduction 

Parkinson’s disease (PD) is a debilitating neurological disorder that 
affects millions of individuals worldwide [1]. The motor symptoms of 
PD are primarily caused by the progressive loss of dopamine (DA) input 
to the striatum via the nigrostriatal pathway, which is responsible for 
regulating movement and posture [2]. The dopaminergic neurons that 
project from the substantia nigra to the striatum play a crucial role in 
this pathway, and their degeneration is a hallmark of PD [3]. Therefore, 
the development of models that accurately reflect the characteristics of 

PD has relied significantly on the use of dopaminergic neurons [4]. In 
this context, organoid-based models of PD are distinctively positioned to 
integrate the complexity of the native tissue microenvironment within 
platforms that can be exploited to study the pathophysiology of this 
neurodegenerative condition while offering functional readouts for drug 
screening in an individual oriented manner [5]. In recent years, 
assembloids have garnered significant interest due to their potential in 
enabling the study of inter-regional connectivity and the formation of 
pathways within the brain [6]. These models are comprised of two or 
more organoids that are fused together, creating a 3D structure that 
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better replicates the complexity of neural tissues. The resulting plat
forms demonstrated high potential for the investigation of develop
mental diseases, as they enable researchers to investigate the intricate 
processes involved in the development of the brain and its connections 
[7,8]. 

Characterizing the formation and activity of DA pathways in these 
complex structures poses technical challenges. Traditional imaging 
methods such as label and viral-based neural tracing are limited in 
providing the level of resolution necessary to track the complex trajec
tories of neurites within these 3D structures. Calcium imaging, which is 
often used to monitor neural activity, is limited by the depth of tissue 
that can be imaged within an assembloid [9]. Moreover the tools 
employed to investigate connections within assembloids, such as neurite 
tracing and calcium imaging, are time- and labor-intensive, requiring 
individual processing of each sample. 

Therefore, given the pressing need for technologies that effectively 
provide rapid, real-time functional readouts to study events associated 
to DA pathways in PD, we have created an organoid-based DA neural 
model. Consisting of two organoids positioned at a distance from each 
other, it aims to promote the formation of connections between them 
within an easily accessible region of the platform. To this end, we 
derived midbrain and striatal organoids from mouse induced pluripotent 

stem cells (iPSCs), using protocols previously described in the literature 
[10,11]. Generation of midbrain and striatal organoids were confirmed 
and comprehensively characterized in these studies. Midbrain and 
striatal organoids were then matured together in a novel co-culturing 
surface that involves coating, masking and plasma etching steps that 
enable designing hydrophilic domains on hydrophobic culture surfaces 
for spatial control of neurite development. Midbrain and striatal orga
noids that were co-cultured in this setting, termed dual organoid plat
forms (DOP), grew neurites towards each other and formed 
inter-organoid pathways (IOPs) that are predominantly dopaminergic 
(DA). We were able to record real-time local field potentials (LFPs) from 
IOPs using microelectrode arrays (MEA) and show that they are more 
susceptible to DA-selective toxicity of 6-OHDA compared to individual 
organoids. Our results show that real-time reading approaches can be 
combined with the high complexity nature of organoid models to 
potentially generate high-throughput data for accelerating drug 
discovery. 

2. Results 

We first optimized the differentiation conditions for iPSCs required 
to obtain precursor cells resembling both the embryonic floor plate and 

Fig. 1. Generation of MP/SP spheroids and IOPs. (a) Sequence of reagents used to simultaneously derive SP and MP spheroids from iPSCs. Points of transition during 
spheroid derivation were denoted with days in vitro (DIV). After Matrigel embedding, the timeline was denoted as days post-differentiation (DPD). Optical micro
scopy images showing midbrain and striatal organoids at 5 DPD. (b) Immunofluorescence and western blot results given with representative images showing FOXA2 
expression in MP spheroids at 25 DIV. FOXA2 western blots were normalized against the total protein in the sample using stain-free gels (Fig. S1) while TUBB3 is 
shown with actin loading control probed within the same gel. (c) GSX2 immunofluorescence representative images and violin plot showing the mean pixel intensities 
measured from individual nuclei using 3 different lines. 
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lateral ganglionic eminence (LGE), two distinctive structures of the 
native midbrain and striatum, respectively. To this end, midbrain pre
cursor (MP) and striatal precursor (SP) spheroids were derived from 
iPSCs by sequential treatment with different modulating factors ac
cording to the timeline displayed in Fig. 1a. In particular, floor plate 
progenitors are known to generate midbrain dopaminergic neurons [12] 
and SHH/WNT signaling activators have been previously used in 
patterning iPSCs toward floor plate phenotype for midbrain organoids 
[10]. In order to promote dopaminergic fate in midbrain organoids, 
FGF-8 was also included in the pre-differentiation stage [13]. Early 
retraction of SMAD inhibitors in conjunction with WNT inhibition, 
activin and delayed activation of retinoid-X receptors to obtain LGE 
progenitors that give rise to striatal projection neurons [14] towards 
developing striatal organoids was also previously described [11]. 
Immunofluorescence imaging carried out at the end of 
pre-differentiation period confirmed the expression of floor plate marker 
FOXA2 [15] in MP spheroids. Western blot analysis showed 8.6-fold 
±2.1 SEM more FOXA2 intensity in MP compared to SP spheroids 
(Fig. 1b). Similarly, the lateral ganglionic eminence marker, transcrip
tion factor GSX2 [16] was expressed by SP spheroids and the fluores
cence signal intensity in SP nuclei was 2.6-fold higher (38.0 ± 1.9 SEM 
vs 14.6 ± 1.2 SEM for SP and MP respectively) compared to MP 
spheroids. (Fig. 1c). At this stage, the SP spheroids began displaying 
β-tubulin III expression and a loss of nestin staining, indicating the onset 
of neuronal differentiation, unlike MP cells which still exhibited nestin 
(Fig. 1b). 

To prepare a platform capable of supporting the co-maturation of 
organoids and the subsequent pathway formation, glass and MEA sur
faces were first coated with a hydrophobic perfluorooctyl (PFO), and 
successively oxygen plasma patterning was used to create hydrophilic 
regions thereby precisely defining the geometry of the Matrigel matrix 
for organoid culturing (Fig. 2a). Changes in hydrophobicity/hydrophi
licity of surfaces after each treatment were monitored by measuring 
water contact angles (WCA). The initial average WCA of surfaces was 
determined to be 40.5◦ ± 2.0◦ SEM which increased to a 94.0◦ ± 1.3◦

SEM after the PFO application (Fig. 2b). Following the patterning 

process, areas that were exposed to oxygen plasma displayed a mean 
WCA of 23.3◦ ± 1.1◦ SEM, confirming the creation of highly hydrophilic 
domains within a markedly hydrophobic surface. 

MP and SP spheroids were placed within hydrophilic domains 
patterned at a distance of 3 mm from each other and Matrigel was 
carefully added to cover the spheroids and the inter-organoid hydro
philic channel, thereby creating two separate yet interconnected matu
ration regions for the organoids, as illustrated in Fig. 2c. In these 
conditions, midbrain neuroepithelial growth emerged at 3 DPD (days 
post-differentiation) (Fig. 1a) and neurites started to sprout from the 
organoids’ body by 7 DPD. β-tubulin III-positive neurites appeared at 14 
DPD on both organoids, showing a preferential growth direction ori
ented along the channel connecting the two organoids (Fig. 2d). 

Further characterizations were performed at 30 DPD for sole 
midbrain organoids or inter-organoid pathways (IOP). At this time 
point, midbrain organoids reach 1623 ± 93 μm SEM diameter while 
striatal organoids reach a smaller 737 ± 85 μm SEM diameter. Both 
organoids retain their spherical shape with 0.81 ± 0.04 SEM and 0.88 ±
0.03 SEM circularity measurements for midbrain and striatal organoids 
respectively. Striatal organoids in the DOPs presented an outer shell of 
GABAergic inhibitory neurons consisting of 61.8% ± 1.7% SEM GAD67 
expressing cells in addition to abundant expression of DARPP32, a 
protein associated with synaptic plasticity in the striatum and promoting 
dopamine receptor D1 expression (Fig. 3a and b). These results validate 
the striatal identity of the organoids in relation to their neuronal 
phenotype. Interestingly, DARPP32 expression in striatal organoids was 
consistently stronger at the side facing the midbrain organoid in DOPs 
(Fig. 3b). This phenomenon may be ascribed to potential paracrine 
signaling between the cells of two organoids, leading to the co- 
regulation of the spatial distribution of cells. 

DA neuron regionalization in midbrain organoids was observed by 
immunofluorescence imaging, as well as fully formed IOPs comprising 
57.76% ± 6.4% SEM TH+ neurites (Fig. 3c and d). Fig. 3c also displays 
symmetrical distribution of DA neurons along the midline axis of the 
midbrain organoid resembling the symmetric structural organization 
observed in the brain. D1 and D2 receptors were detected by western 

Fig. 2. Surface preparation and formation of dual-organoid platforms. (a) Illustration of surface treatments for generation of IOPs given in cross-section. (b) Water 
contact angles of hydrophobic and hydrophilic domains given with representative droplets. (c) Top-down view schematics of the mask and resulting geometry of the 
dual-organoid platform. (d) Immunostaining of an IOP for TUBB3 at 15 DPD. 
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blot in both organoids of the DOPs at similar levels. Western blot ana
lyses of tyrosine hydroxylase (TH) in DOPs revealed a 2.80-fold ±0.63 
SEM more intense signal for midbrain organoids in comparison to 
striatal organoids (Fig. 3e). These findings substantiate the phenotypi
cally distinct midbrain and striatal identities of the organoids within the 
dual organoid platforms. Presence of glial populations in both organoids 

was also demonstrated by glial fibrillary acidic protein (GFAP) staining 
shown in Fig. 3f. 

Formation of synaptic connections through IOPs was assessed by 
injecting the midbrain organoids with GFP labeled vesicular stomatitis 
virus (VSV). This virus was previously shown to enable anterograde 
trans-synaptic tracing in a wide range of organisms [17]. In Fig. 3g, the 

Fig. 3. Characterization of DOPs at 30 DPD. (a) Immunofluorescence of GAD67 and TUBB3 of striatal organoid. (b) DARPP32 and TUBB3 staining of striatal 
organoids. Images of replicated DOPs were given in the same panel displaying DARPP32 expression consistently stronger on the edge facing the midbrain organoid. 
Scale bar 100 μm. (c) Maximum projection image of a single DOP showing both organoids and IOP stained for TH and TUBB3. (d) Close-up image of IOP displaying 
TH expression. (e) Western blots showing dopamine receptors and TH expression in midbrain and striatal organoids of the same DOP. (f) GFAP and MAP2 staining of 
midbrain and striatal organoids showing the distribution of neuronal and glial populations. (g) GFP signal observed after VSV-GFP injection into the midbrain 
organoid given together with synaptophysin staining. 
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progression of neurites from the midbrain organoid to the striatal 
organoid, labeled with viral green fluorescent protein (GFP), is depicted. 
The viral GFP is also evident at the central region of the striatal orga
noid. This observation provides evidence for the existence of continuous 
synaptic pathways between the organoids. Furthermore, the presence of 
synapses at the periphery of the striatal organoid is demonstrated 
through synaptophysin staining, confirming the formation of synapses 
between the organoids. 

The connectivity of IOPs was tested by monitoring calcium transients 
in the organoids using Fluo 4-AM calcium imaging. Examination of the 
spontaneous activities of midbrain and striatal organoids, as depicted in 
Fig. 4d and supplementary video, revealed temporally synchronized 
activity. In order to quantify the synchrony between the organoids, 
correlation coefficients were calculated for each of 20 recorded DOPs. 
Mean correlation coefficient among them was found to be 0.977 ± 0.007 

SEM, substantiating that constructed DOPs consistently result in func
tional connections and synchronous neural activity. 

In order to collect local field potential (LFP) measurements from 
IOPs, DOPs were constructed on MEA surfaces. LFP outputs of IOPs were 
compared to single midbrain organoids as a control group where a single 
MP spheroid was placed on the electrode surface of the MEA and 
allowed to mature in identical conditions to IOPs. The IOPs formed on 
the electrodes started displaying spontaneous LFPs starting 14 DPD and 
the electrical activity reached maturity at 25 DPD (Fig. 4a). Transparent 
MEA surfaces allowed monitoring organoid growth during the experi
ments and any electrodes overgrown by the organoids were eliminated 
to enable analyzing signals exclusively derived from the IOP. 

In an attempt to evoke activity in IOPs, GABAA receptors and D2 
dopamine receptors were blocked by gabazine (5 μM) and raclopride (1 
μM) treatments respectively (Fig. 4b). Gabazine treatment induced a 

Fig. 4. Microelectrode array (MEA) measurements obtained from IOPs and single midbrain organoids. At least 30 samples were recorded for each experiment. (a) 
IOPs showing the progression of electrical activity maturation in mean firing rate plot given with representative brightfield image of IOP at 25 DPD. (b) Change of 
IOP activity from baseline 20 min after treatment with D2 dopamine receptor and GABAA receptor blockers displayed in truncated violin plots. (c) 6-OHDA (10 μM) 
treatment characterization comparing before and 24 h after treatment of IOPs and single midbrain organoids. Representative raster plots were given with firing rate 
change from baseline at the single electrode and IOP level. Percentage of completely silenced units in each midbrain organoid and IOP were calculated by spike 
sorting and determining the number of actively firing units. d) Intensity profile of calcium transients over a period of 30 s (85 cycles) and the correlating region of 
interests (area = 9048 μm2) displayed on Fluo-4, AM loaded organoids, representative from 20 DOPs. 
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mean firing rate increase from 1.6 Hz ± 0.6 SEM to 3.2 Hz ± 1.0 SEM in 
IOPs. Midbrain organoids alone showed a similar response to gabazine 
treatment with mean firing rate increasing from 1.4 Hz ± 0.6 SEM to 2.4 
Hz ± 0.9 resulting in statistically indistinguishable responses between 
groups. Blocking D2 dopamine receptors did not significantly change the 
mean firing rates of either IOPs or midbrain organoids and changes from 
baseline were statistically similar between these groups. Median change 
from baseline was − 1%±22 SEM for IOPs and − 23.3% ± 79.2 SEM for 
midbrain organoids. 

When IOPs and midbrain organoids were treated with 10 μM 6- 
OHDA, the change in mean firing rate after 24 h was − 96.5% ± 5.5 
SEM versus − 59.9% ± 21.8 SEM respectively (Fig. 4c). The significant 
response difference between two models is also observable in individual 
electrode firing rates evident in the truncated violin plot in Fig. 4c. The 
difference in 6-OHDA responses points to IOPs being a more sensitive 
model compared to midbrain organoids alone, due to the proximity of 
DA pathways to the electrode surface. When the signals were analyzed 
with a valley-seeking, automated spike sorting algorithm, a greater 
percentage of detected units were completely silenced in IOPs, indi
cating an electrophysiological DA model that is more sensitive to 6- 
OHDA. 

3. Discussion 

High-throughput testing of therapeutic candidates for PD requires 
disease models that reflect the characteristics of DA neurons as well as 
spatial distribution of DA connections between the substantia nigra and 
striatum, a goal severely hindered by the lack of availability of un
adulterated DA neuron populations in vitro [18]. 

In recent years, the development of midbrain organoids has 
enhanced iPSC-derived models of Parkinson’s disease (PD), introducing 
greater complexity to better simulate the physiological environment 
[19]. In particular, the latest advancements in assembloids have pro
vided valuable opportunities for investigating the intricate connections 
between distinct brain regions. These novel platforms allow for the ex
amination of inter-regional connectivity, facilitating a more compre
hensive understanding of the complex neural circuitry within the brain. 
However, these advancements have also presented challenges associated 
with obtaining electrophysiological output from the 3D volume of the 
organoids. Notably, the comprehensive characterization of connecting 
neurites and the assessment of their neuronal activity within assembloid 
models necessitate the utilization of multiple imaging modalities, which 
are sequentially applied to each individual assembloid. 

Here, we present a novel neural pathway model established between 
a midbrain and a striatal organoid, primarily composed of dopaminergic 
neurites. This platform serves as a proof-of-principle, demonstrating its 
potential for non-destructive, real-time, potentially high-throughput 
electrophysiological readouts that exhibit heightened sensitivity to 6- 
OHDA toxicity in comparison to midbrain organoids. As a proof-of- 
principle, 6-well MEA plates from Axion Biosystems were utilized. 
This approach allowed data recording from nearly a hundred samples 
within minutes, showcasing the efficiency of our approach. The poten
tial for conducting even higher throughput experiments is indicated by 
the availability of microelectrode array (MEA) systems in a 96-well plate 
format. Such electrophysiological outputs hold promise for assessing the 
impacts of toxins, therapeutics, and transgenic constructs in a dynamic 
and time-resolved manner. In our work, striatal organoid differentiation 
[11] started before Matrigel embedding, as evidenced by a loss of nestin 
expression, which has not been mentioned elsewhere to our knowledge. 
Even though the intra-organoid distribution/patterning of DA neurons 
did not appear to be affected by the co-culture environment, it is note
worthy to observe preferential distribution of DARPP32+ medium spiny 
neurons closer to the midbrain organoid, possibly due to inter-organoid 
paracrine signaling. We demonstrate that midbrain and striatal orga
noids can be matured in a co-culture setting without compromising 
relevant phenotypes and the spontaneously forming DA pathways can be 

restricted to predetermined geometries for electrophysiological char
acterization. Our MEA results show that physical guidance of DA neu
rites from midbrain organoid creates an electrophysiological model 
more closely reflecting the DA phenotype compared to sole midbrain 
organoids. The resulting platform is an invaluable tool for studying DA 
pathways and the effects of different pharmaceuticals and gene con
structs with the limitation that the electrophysiological characteristics 
of neurons that emerge may differ from the DA neuron subtypes relevant 
in PD pathophysiology. 

In contrast to emerging assembloid models, our DOPs do not feature 
fused organoids. By enabling real-time electrophysiological recordings, 
this novel platform provides a means to study and characterize the 
functional properties of neural connections between two organoids. It 
allows direct observation of the spatiotemporal patterns of electrical 
activity occurring between neural organoids without requiring neural 
tracing and calcium imaging within a 3D assembloid. These real-time 
readings can provide invaluable insights into the communication and 
integration of signals across the neural circuitry, mirroring the dynamic 
nature of the brain in vivo. Applied to different region-specific organoids, 
the platform offers a powerful tool for studying the development and 
organization of neural pathways between different brain regions, aiding 
in understanding normal brain development as well as the pathogenesis 
of neurodevelopmental disorders. Moreover, the model holds great po
tential for disease modeling and drug discovery. By utilizing patient- 
derived cells or genetic modifications, it can allow recreation of spe
cific pathologies or genetic conditions within neural connections. The 
real-time electrophysiological recordings allow for the assessment of 
how these pathological factors affect the functionality of the neural 
connections. This provides a platform for screening potential thera
peutic interventions and evaluating their efficacy in a more physiolog
ically relevant context. 

In conclusion, the development of this novel in vitro model enabling 
real-time electrophysiological recordings within interconnected orga
noids represents a significant advancement in the field. This platform 
overcomes the limitations of assembloids by providing a means to study 
and characterize the functional properties of neural connections be
tween two distinct organoids without imaging modalities. It offers new 
avenues for streamlined disease modeling and drug discovery, allowing 
the recreation of specific pathologies and the evaluation of therapeutic 
interventions in a more physiologically relevant context. 

4. Materials and methods 

4.1. iPSC maintenance and embryoid body formation 

Commercially available mouse iPSCs were (Alstem, iPS02 m) prop
agated in feeder-free conditions on gelatin-coated culture surfaces. 
Cultures were periodically tested for mycoplasma with Lookout myco
plasma PCR detection kit (Sigma Aldrich, MP0035). iPSC maintenance 
medium was composed of KnockOut DMEM (Gibco, 10829018) sup
plemented with 15% knockout serum replacement (Gibco, N10828028), 
1% MEM non-essential amino acid solution (Stemcell, 07600), 200 μM 
L-glutamine (Gibco, 25030), 1% penicillin-streptomycin (Gibco, 
15070063), 100 μM 2-mercaptoethanol (Gibco, 31350) and 1000 U/mL 
leukemia inhibitory factor (LIF). 

Embryoid body formation was initiated by detaching iPSCs from 
culture surfaces using TryplE (Gibco, 12604013) and re-suspending in 
fresh iPSC maintenance medium without LIF. Cell suspensions were 
transferred to Aggrewell 800 plates (Stemcell, 34811) treated with anti- 
adherence rinsing solution (Stemcell, 07010) and embryoid bodies were 
allowed to form overnight. They were transferred to low-attachment 
well plates the next day and kept for 2 additional days. The first day 
of embryoid body formation was regarded as 0 DPD for planning the 
timeline of subsequent treatments. 

A. Ozgun et al.                                                                                                                                                                                                                                  



Materials Today Bio 25 (2024) 100992

7

4.2. Generation of striatal and midbrain precursor spheroids from 
embryoid bodies 

For neural induction of EBs, N2B27 medium was used which consists 
of an equal volume mixture of Neurobasal medium (Gibco, 21103049) 
and DMEM/F12 (Millipore, DF-041-B) supplemented with 1% B27 
without vitamin A (Gibco, 12587010), 0.5% N2 (Gibco, 17502048), 1% 
L-glutamine and 1% penicillin-streptomycin. 

In order to generate SP spheroids, embryoid bodies on 3 DIV were 
transferred to N2B27 medium containing 5 μM TGF-β inhibitor 
SB525334 (Tocris, 3211) and 250 nM BMP inhibitor dorsomorphin 
(Tocris, 3093). At 10 DIV, these inhibitors were removed from the me
dium and 100 nM Wnt inhibitor IWP-2 (Peprotech, 501530240) and 5 
ng/mL activin A (Millipore, SRP6057) were added. At 13 DIV, 100 nM 
retinoid X receptor agonist SR11237 (Millipore, S8951) was added to 
the medium and cells were continued to be cultured without passaging. 
Resulting spheroids were used for striatal organoid differentiation 
starting 25 DIV onwards. 

For MP spheroids, 3 DIV embryoid bodies were cultured in N2B27 
medium supplemented with 5 μM SB525334, 250 nM dorsomorphin, 
500 nM smoothened agonist SAG (Millipore, SML1314), 3 μM Wnt 
agonist CHIR 99021 (Millipore, SML1046) and 200 μM ascorbic acid 
(Millipore, A4403). At 10 DIV, SB525334 and dorsomorphin concen
trations were reduced to 1 μM and 100 nM, respectively. Spheroids were 
transferred to pre-differentiation medium at 20 DIV, consisting of 
N2B27, 500 nM SAG, 700 nM CHIR 99021, 100 ng/mL FGF8 (Invi
trogen, RP87811) and 200 μM ascorbic acid. After 25 DIV spheroids 
were used for midbrain organoid differentiation. 

4.3. Fabrication of inter-organoid pathways 

Glass bottom tissue culture plates (Greiner, 07000680) and MEA 
multi-well plates (Axion, M384-tMEA-6B) were prepared for spheroid 
positioning by treating with Trichloro(1H, 1H, 2H, 2H perfluorooctyl) 
silane (Millipore, 448931) vapor for 30 min to obtain hydrophobic 
surfaces. Next, designed and laser cut adhesive masks were applied onto 
well surfaces and the plates were treated with oxygen plasma for 30 min. 
After UV sterilization, one of each SP and MP spheroid was placed on 
each of the hydrophilic spots in the wells using cut pipette tips. Excess 
medium was aspirated, and the entire hydrophilic surface was filled 
with 10 μL Matrigel, covering both spheroids and forming a channel 
between them. This results in initiation of midbrain and striatal orga
noids, as previously reported in the literature [10,11], in a co-culture 
setting. Plates were incubated at 37 ◦C for 10 min and the wells were 
filled with maturation medium consisting of N2B27, 10 ng/mL BDNF 
(Stemcell, 78005), 10 ng/mL GDNF (Stemcell, 78058), 5 ng/mL activin 
A, 200 μM dibutyryl-cAMP (Peprotech, 501529820), 5 μM DAPT 
(Stemcell, 72082) and 200 μM ascorbic acid. MEA recordings were ob
tained with Maestro MEA system using a bandpass filter of 10 Hz-2.5 
kHz. Spikes were detected with an adaptive thresholding algorithm set 
to 6 times the standard deviation. For treatments, baseline recordings 
were obtained and half of the conditioned media were removed from 
MEA wells and transferred to tubes. 6-OHDA, raclopride and gabazine 
were added to these tubes in double concentrations and the media were 
returned to corresponding wells in order to achieve the targeted reagent 
concentrations. Raclopride and gabazine readings were obtained 20 min 
after treatment and 6-OHDA treatment readings were taken after 24 h. 

4.4. Calcium imaging and trans-synaptic labeling 

DOPs were constructed in glass bottom tissue culture plates (Greiner, 
07000680) and allowed to mature until 30 DPD. For trans-synaptic la
beling, Indiana aero type VSV-GFP construct was grown as previously 
described [20]. 5 × 107 plaque forming units were diluted in 1 mL 
maturation medium. Media from DOP wells were completely aspirated 
and 100 nL of the VSV-GFP solution was injected in the center of 

midbrain organoids using a Hamilton syringe with 30G needle. DOPs 
were incubated without medium for 30 min and then washed with PBS 
before adding maturation medium. 72 h later, the DOPs were fixed and 
stained with an anti-GFP antibody (Clontech 632376). 

For calcium imaging, DOPs at 20–36 DPD were loaded with 5 μM 
Fluo-4, AM for 60 min at 37 ◦C in conditioned media. A washout was 
performed with conditioned media and the DOPs were incubated at 
37 ◦C for 30 min prior to imaging. Calcium transients were recorded 
over a period of 30 s (85 cycles) with an Olympus IX81 epifluorescence 
microscope, Ex 494 nm/Em 506 nm. Region of interests with an area of 
9048 μm2, were overlaid on each organoid type and intensity profiles 
were generated using the Olympus cellSens Dimension software. 

4.5. Immunofluorescence 

DOPs were washed twice with PBS and fixed in 4% formaldehyde for 
1 h followed by blocking/permeabilization in IF buffer composed of 5% 
donkey serum and 0.5% triton X-100 in PBS. Plates were exposed to 3x 
(3 min-ON/3 min-OFF cycles) of 150-W microwave in a Pelco Biowave 
tissue processor in order to enhance deep penetration before overnight 
incubation at 4 ◦C. Biowave treatments were repeated before every in
cubation and washing step henceforth. DOPs were incubated in primary 
antibodies (Table S1) for 48 h at 4 ◦C and subsequently washed in PBS 
overnight before being incubated in secondary antibodies for 24 h at 
4 ◦C. After the final overnight wash in PBS, DOPs were optically cleared 
by covering in Cytovista 3D cell culture clearing reagent and imaged 
with Leica LSM 880 confocal microscope. 

4.6. Statistical analysis 

Results are represented as mean ± SEM, individual data point graphs 
or truncated violin plots showing median, minimum, maximum and 
quartile values. Normality testing of data distribution was performed 
with Anderson-Darling test. All experiments were performed in 3 bio
logical replicates to reach the final n values, meaning 3 different sets if 
precursor spheroid batches were generated from iPSCs. In immunoflu
orescence experiments, at least 10 samples were stained for DOPs and 
spheroids. For MEA recordings, 30 DOPs and 30 midbrain organoids 
were used to monitor local field potentials. Statistical tests were per
formed using unpaired t-tests (two-tailed) or Mann–Whitney tests for 
separate organoid constructs using GraphPad Prism version 9.0.0. 
Paired tests were performed when evaluating western blot results from 
midbrain and striatal organoid belonging to the same DOP. 
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6-OHDA 6-Hydroxydopamine 
DA dopaminergic 
DIV days in vitro 
DOP dual-organoid platform 
DPD days post-differentiation 
IOP inter-organoid pathway 
MEA microelectrode array 
SP striatal precursor 
SEM standard error of means 
MP midbrain precursor 
WCA water contact angle 
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