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“ I have no special talent. I am only passionately curious.”

Albert Einstein



Abstract

Generation of midbrain organoids as a model to study

Parkinson's disease

by Lisa M. Smits

The study of 3D cell culture models not only bridges the gap between traditional

2D in vitro experiments and in vivo animal models, it also addresses processes that

cannot be recapitulated by these traditional models. Therefore, it offers an oppor-

tunity to better understand complex biology, for instance brain development, where

conventional models have not proven successful. The so–called brain organoid tech-

nology provides a physiologically relevant context, which holds great potential for

its application in modelling neurological diseases.

To obtain these highly specialised structures, resembling specifically key features of

the human midbrain, we derived a human midbrain–specific organoid (hMO) system

from regionally patterned neural stem cells (NSCs). The resulting neural tissue ex-

hibited abundant neurons with midbrain dopaminergic neuron (mDAN) identity, as

well as astroglia and oligodendrocyte differentiation. Within the hMOs, we could

observe neurite myelination and the formation of synaptic connections. Regular

fire patterning and neural network synchronicity were determined by multielectrode

array (MEA) recordings. In addition to electrophysiologically functional mDANs

producing and secreting dopamine (DA), we also detected responsive neuronal sub-

types, like GABAergic and glutamatergic neurons.

To investigate Parkinson's disease (PD)–relevant pathomechanisms, we derived hMOs

from PD patients carrying the LRRK2 –G2019S mutation and compared them to

healthy control hMOs. In addition to a reduced number and complexity of mDANs,

we determined a significant increase of the stem cell marker FOXA2 in the patient–

derived hMOs. This suggests a neurodevelopmental defect induced by a PD–specific

mutation and emphasises the importance of advanced three–dimensional (3D) stem

cell–based in vitro models.

The in this thesis described hMOs are suitable to reveal PD–relevant phenotypes,

thus constitute as a powerful tool for human–specific in vitro disease modelling

of neurological disorders with a great potential to be utilised in advanced therapy

development.
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Boussaad, Emanuel Berger, Ronan M.T. T Fleming, Silvia Bolognin and Jens C.

Schwamborn (May 2017). ‘Derivation of Human Midbrain-Specific Organoids from

Neuroepithelial Stem Cells’. In: Stem Cell Reports 8.5, pp. 1–11

Athanasios D Spathis, Xenophon Asvos, Despina Ziavra, Theodoros Karampelas,

Stavros Topouzis, Zoe Cournia, Xiaobing Qing, Lisa M Smits, Christina Dalla,

Hardy J Rideout, Jens C Schwamborn, Constantin Tamvakopoulos, Demosthenes

Fokas and Demetrios K Vassilatis (Apr. 2017). ‘Nurr1:RXRα heterodimer activa-

tion as monotherapy for Parkinson’ s disease’. In: PNAS 114.15, pp. 3999–4004

Asad Jan, Brandon Jansonius, Alberto Delaidelli, Forum Bhanshali, Yi Andy An,

Nelson Ferreira, Lisa M. Smits, Gian Luca Negri, Jens C. Schwamborn, Poul H.

Jensen, Ian R. Mackenzie, Stefan Taubert and Poul H. Sorensen (Dec. 2018). ‘Activ-

ity of translation regulator eukaryotic elongation factor-2 kinase is increased in Par-

kinson disease brain and its inhibition reduces alpha synuclein toxicity’. In: Acta

Neuropathologica Communications 6.1

Kathrin Hemmer, Lisa M Smits, Silvia Bolognin and Jens C Schwamborn (May

2018). ‘In vivo Phenotyping of Human Parkinson’ s Disease-Specific Stem Cells

Carrying the LRRK2 -G2019S Mutation Reveals Increased a-Synuclein Levels but

Absence of Spreading’. In: Opera Medica et Physiologica 4.2

Lisa M. Smits, Lydia Reinhardt, Peter Reinhardt, Michael Glatza, Anna S. Monzel,

Nancy Stanslowsky, Marcelo D. Rosato-Siri, Alessandra Zanon, Paul M. Antony,

Jessica Bellmann, Sarah M. Nicklas, Kathrin Hemmer, Xiaobing Qing, Emanuel

Berger, Norman Kalmbach, Marc Ehrlich, Silvia Bolognin, Andrew A. Hicks, Florian

viii



Wegner, Jared L. Sterneckert and Jens C. Schwamborn (Dec. 2019). ‘Modeling Par-

kinson’s disease in midbrain-like organoids’. In: npj Parkinson’s Disease 5.1, p. 5

Submitted

Lisa M Smits, Stefano Magni, Kamil Grzyb, Paul MA Antony, Rejko Krüger, Alex-
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CHAPTER 1

Introduction

1.1 Parkinson's disease

In 1817 James Parkinson published the first clinical description of the Shaking

Palsy, a neurological disease today well–known by his own name. In his Essay on

the Shaking Palsy he composed his observation about six people that he partially

encountered on the streets of London (Parkinson 2002). Despite the small number

of patients and the fact that he did not perform physical examinations, he was able

to perfectly document the clinical symptoms of the disease.

200 years after drawing attention for the first time, Parkinson's disease (PD) is one

of the most prevalent neurodegenerative disorders in the world. The recently pub-

lished Global Burden of Disease Study estimated that there are currently 6.2 million

PD patients (Feigin et al. 2017; Dorsey et al. 2018). For the majority of these cases,

the aetiological factors causing the disease are unknown.

The loss of neuromelanin (NM)–containing midbrain dopaminergic neurons (mDANs)

in the substantia nigra pars compacta (SNc) and thereby the disruption of the basal

ganglia network of the midbrain, striatum, and cortex, is characterised as a hall-

mark for the diagnosis of PD (Byers et al. 2012; Recasens et al. 2014; Rodriguez

et al. 2014). The progressive neuronal degeneration leads to a reduced thalamus

1



2 Chapter 1 Introduction

activity, which in turn fails to adequately control motor cortical functions (Tepper

et al. 2007; Blesa, Trigo-Damas et al. 2017). As a consequence, PD–patients show

clearly observable movement abnormalities, such as tremor at rest, inability to ini-

tiate movement (akinesia), slowness of movement (bradykinesia), muscular rigidity

and postural instability (Obeso et al. 2002; Lindvall et al. 2009; Ruitenberg et al.

2015; Kalia et al. 2015). In addition to these cardinal PD clinical features, patients

develop an attendant extranigral pathology, which gives rise to non–motor symp-

toms (Braak, Del Tredici et al. 2003). The loss of mDANs in the olfactory bulb

can lead to an impairment of the sense of smell, furthermore patients often suffer

from sleeping disorder, depression, and dementia (Braak, Del Tredici et al. 2003;

Langston 2006; Nass et al. 2008).

The presence of protein aggregations and the formation of intracellular inclusion

bodies, like Lewy bodies (LBs) in the neuronal soma or Lewy neurites (LNs) in

neuritic projections, is another neuropathological feature of PD (Forno 1996; Waka-

bayashi et al. 1997; Engelhardt et al. 2017; Byers et al. 2012; Recasens et al. 2014).

Intriguingly, after decades of research on PD, the molecular mechanisms underlying

the initiation and progression of the neurodegenerative disease, commonly occur-

ring as sporadic idiopathic form, could not have been entirely disclosed and remain

largely elusive (Roybon et al. 2004). Nevertheless, 5–10 % of all PD cases are caused

by mutations or deletions in dominantly or recessively inherited genes (Klein et al.

2012; Schwamborn 2018). Among these eleven Mendelian inherited genes, some

are involved in mitochondria biogenesis (DJ–1, LRRK2, PRKN, PINK1, SNCA),

the autophagy–lysosome–pathway (ATP13A2, LRRK2, SNCA, VPS35) and the

endosome–lysosome–pathway (DNAJC6, SNCA, VPS35). They can lead to mono-

genic forms of PD or increased PD susceptibility, which indicates that these genes

are important in the pathogenesis (Dawson and Dawson 2003; Lesage et al. 2009;

Nuytemans et al. 2010; Byers et al. 2012; Schwamborn 2018). Furthermore, non–

genetic factors, like the exposure to toxins, herbicides, and pesticides, as well as

infection and psychological stress might induce changes in the brain connectivity

and gene expression that can contribute to the risk to suffer from PD (Kamel et al.

2014; Austin et al. 2016; Jagmag et al. 2016; Schwamborn 2018).
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1.1.1 Models of Parkinson's disease

As primary brain cells from PD patients are not accessible, disease modelling tools

are required, in order to understand the molecular mechanisms underlying and driv-

ing the pathogenesis of PD. In the last years, these tools typically were animal

models or two–dimensional (2D) cell cultures (Sterneckert et al. 2014). The ad-

vantage of animal models is the possibility of disease examination in vivo and it

allows to study the disease progression as well as to analyse treatment options (Jag-

mag et al. 2016). Even though, animal models largely contributed to our actual

knowledge of PD, these models cannot entirely phenocopy this human disease. And

apart from ethical concerns, the isolation of primary animal cells is not suited for

applications like high–throughput screenings (HTSs) (Sterneckert et al. 2014; Jag-

mag et al. 2016). With the establishment of the human induced pluripotent stem

cell (hiPSC) technology and thereby the ability to generate all cell types of the hu-

man body that were previously unobtainable in large quantities, the methodology

in the field of stem cell research advanced tremendously (Takahashi et al. 2007;

Byers et al. 2012). Patient–specific as well as genome edited hiPSCs are able to

express disease–causing genes of interest, thus enabled a substantial progress in in

vitro disease modelling (Sterneckert et al. 2014).

Usually, the experimental models can be categorised as toxin or genetic models.

For instance, there are several neurotoxins known, that allow modelling of the nig-

rostrial mDAN degeneration (Jagmag et al. 2016). One established component of

the neurotoxins is 6–hydroxydopamine (6–OHDA), a structural analogue of the cat-

echolamines DA and noradrenaline (Ungerstedt 1968; Sachs et al. 1975; Emborg

2007). 6–OHDA is able to cross the dopamine transporter (DAT), which leads to

a toxin accumulation in the cell. This promotes the formation of hydrogen per-

oxide (H2O2) and other reactive oxygen species (ROS) by auto–oxidation and is

followed by neuronal damage (Jagmag et al. 2016). The neurotoxin precursor 1–

methyl–4–phenyl–1,2,3,6–tetrahydropyridine (MPTP) can be oxidased by glial cells

via monoamine oxidase B (MAO–B) to 1–methyl–4–phenylpyridinium (MPP+),

which causes damage to the nigrostriatal DA pathway. MPP+ has a high affinity

for the DAT and leads to a significant mDAN damage in the striatum and SNc by

inhibiting the mitochondrial complex I (Jackson-Lewis et al. 2007; Emborg 2007;

Jagmag et al. 2016). Rotenone, known as an insecticide and pesticide, blocks the

electron transport chain via the same pathway and additionally inhibits cell pro-

liferation (Jagmag et al. 2016). Even though, the application of rotenone in rats
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can reproduce almost all the features of PD, including α–synuclein aggregation and

the formation of LBs as well as the slow and specific loss of mDANs, the high

mortality rate makes the experimental reproducibility difficult (Fleming et al. 2004;

Tanner et al. 2011; Blesa, Trigo-Damas et al. 2016; Jagmag et al. 2016). Paraquat,

a broadly used herbicide, was suggested to have parkinsonian toxic effects due to

its similar structure to MPP+. And indeed, it has been shown to cause mDAN

degeneration and, like rotenone, also induces LB formation in rodent mDANs (Mc-

Cormack et al. 2002; Berry et al. 2011; Tanner et al. 2011; Blesa, Trigo-Damas

et al. 2016). Nevertheless, it is still elusive how the cell damage, caused by the

generation of ROS, is linked to paraquat and there are even contradictory findings,

stating that paraquat does not cause changes in the nigrostriatal DA system (Miller

2007; Jagmag et al. 2016; Blesa, Trigo-Damas et al. 2016). Another neurotoxic can-

didate is methamphetamine, which promotes an increased stimulation–independent

DA release (Sulzer 2011). While interacting with DAT and vesicular monoamine

transporter 2 (VMAT2), it causes changes in the DA distribution from synaptic ves-

icles to the cytosol (Howard et al. 2011). DA oxidation within the cytosol leads

to oxidative stress and ROS generation, which can cause neuronal death (Jagmag

et al. 2016). Although methamphetamine abuse and PD have distinct symptomatic

profiles, it has been shown that methamphetamine users have an increased risk to

develop PD (Sulzer 2011; Granado et al. 2013).

In addition to the toxin models, PD–specific disease modelling is conducted with

genetic models that reproduce the most known mutations observed in familial PD.

This approach aims to elucidate pathways associated with the investigated gene

and to evaluate potential therapeutics (Blesa, Trigo-Damas et al. 2016; Jagmag

et al. 2016). As stated above, mutations in α–synuclein (SNCA), like encoding

the substitutions A30P, A53T, and E46K, have been identified to predispose to an

autosomal–dominant form of PD (Polymeropoulos et al. 1997; Krüger et al. 1998;

Zarranz et al. 2004). These missense mutations enhance SNCA aggregation and

fibril formation (Schapira and Gegg 2011; Schapira and Jenner 2011; Stefanis 2012;

Proukakis et al. 2013; Jagmag et al. 2016). It has been further shown, that also the

duplication or triplication of SNCA is sufficient to cause PD by a dose–dependent

SNCA aggregation (Singleton et al. 2003; Jagmag et al. 2016; Blesa, Trigo-Damas

et al. 2016). Despite of the development of numerous animal models exhibiting a

mutated form of SNCA to replicate SNCA–dependent neurodegeneration and SNCA

propagation, no significant mDAN degeneration has been found in most of these ge-

netic models (Blesa, Trigo-Damas et al. 2016). There are suggestions that SNCA
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plays a role as a presynaptic regulator of DA release, synthesis or storage, but its

exact function is still unknown (Maries et al. 2003; Venda et al. 2010; Dettmer et al.

2016; Jagmag et al. 2016). Also mutations in leucine–rich repeat kinase 2 (LRRK2)

are known to predispose to an autosomal–dominant type of PD, like the most fre-

quent mutations G2019S and R1441C (Blesa, Trigo-Damas et al. 2016). Genetic

models like LRRK2 knockout mice exhibit abnormal SNCA or ubiquitin accumu-

lation, however they do not display a functional disruption of the basal ganglia

(Li, Tan et al. 2007; Li, Liu et al. 2009; Tong et al. 2010; Ramonet et al. 2011;

Hinkle et al. 2012; Tsika et al. 2014). Also the overexpression of LRRK2–G2019S

or LRRK2–R1441C in both, mice and rats, cannot recapitulate the loss of mDANs

in the SNc or alterations in the locomotor activity (Ramonet et al. 2011; Shaikh

et al. 2015; Blesa, Trigo-Damas et al. 2016).

Genetic and toxin models are important for the disease modelling of PD, however,

these models bear limitations. The pathological and behavioural phenotypes are

often quite different from the actual human condition and cannot truly recapitulate

hallmarks of the disease, like a significant loss of mDANs (Chesselet et al. 2008;

Potashkin et al. 2011; Blesa, Trigo-Damas et al. 2016). This might partly explain

why many promising drug candidates, examined via these disease models, are not

effective in patients when they are tested in clinical trials (Sterneckert et al. 2014;

Abe-Fukasawa et al. 2018). This highlights the need for more advanced models

that can recapitulate the human physiology to enable exploring complex biological

processes.

1.2 Brain organoids

The development of the organoid methodology counts today as a major technological

breakthrough in stem cell research. It allowed an immense advancement in the

application of hiPSCs and was even celebrated as the ‘Method of the Year’ in 2017

(‘Method of the Year 2017: Organoids’ 2018, see Figure 1.1).

1.2.1 Derivation of neuroepithelial 3D cultures

Initial experiments on self-organisation of PSCs under 3D conditions have been

performed already more than ten years ago. Mototsugu Eiraku and co–workers
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Figure 1.1: Different approaches for deriving human 3D cultures. Po-
tential cellular sources for organoid derivation are hpluripotent stem cells (PSCs)
derived from a blastocyst or by reprogramming of fibroblast, adult stem cells or
primary tissue–derived cancer cells. The can be applied for microfluidics–based
organ–on–a–chip (top), undirected organoids (middle), and region–specific or-
ganoid (bottom) derivation. These 3D cultures can be used for drug screening,
manipulated with CRISPR–Cas9 genome–editing technologies or transplanted
into animals (from Pasca 2018).

described the generation of a serum–free floating culture of embryoid body–like

aggregates with quick re–aggregation (SFEBq) and its utilisation for a reproducible

formation of apico–basally polarised cortical neuroepithelia (Eiraku, Watanabe et

al. 2008). With this first PSC–based model, early aspects of corticogenesis were

recapitulated in vitro by manipulating embryologically relevant patterning signals.

Five years later, the same group published an optimised SFEBq–based protocol

for an up to 13 weeks long–term culture of cortical neuroepithelia (Kadoshima et

al. 2013). They were able to recapitulate the continuous self–development of the

cortex, including a cortical curvature and a self–forming dorsocaudal–ventrorostral

axis. This work highlights the necessity of intrinsic cues for the development of

neocortex–specific complexity in vitro. Furthermore, SFEBq were also the basis

for further advancement in 3D cell culture approaches, leading to the derivation of

several other brain regions (e.g. adenohypophysis (Suga et al. 2011), retina (Eiraku,
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Takata et al. 2011), cerebellum (Muguruma et al. 2015), hippocampus (Sakaguchi

et al. 2015) and forebrain (Mariani et al. 2015)).

1.2.2 Cerebral organoids

Yet, it were the findings of Madeleine Lancaster and co–workers that actually

launched a new era in the research on human brain by introducing the ‘cerebral or-

ganoids’, (Latin: of or relating to the brain) (Lancaster, Renner et al. 2013, Kelava

et al. 2016b). Supporting Kadoshima’s conclusions, Lancaster et al. took ad-

vantage of the PSCs’ nature of intrinsic self–organisation and derived neuroepithe-

lium under 3D conditions. To avoid limitations on specific brain region identities,

they pass on adding patterning growth factors. Instead, after aggregation, the cells

were embedded in Matrigel, a surrogate matrix that has been introduced already

before, in the generation of intestinal organoids (Sato et al. 2009). It serves as a

structural support, induces the correct polarity signal to promote the complex out-

growth of large, apicobasally polarised neuroepithelial buds (Lancaster and Knoblich

2014b, Lancaster and Knoblich 2014a, Wang, Allen et al. 2018). These buds ex-

pand during the course of culture and acquire not only various brain identities but

also fluid–filled lumens reminiscent of brain ventricles. To improve nutrient sup-

ply and oxygen exchange, the floating cerebral organoids were cultured in spinning

bioreactors or on orbital shaker plates, this allowed an organoid to size up to 4 mm

in diameter (Lancaster and Knoblich 2014a, Kelava et al. 2016b). These optimised

growth conditions and the intrinsic self–organising capacities of PSCs resulted in the

formation of a variety of brain regions within a single organoid, including hindbrain,

midbrain, forebrain, and even retinal tissue identities (Lancaster, Renner et al. 2013,

Lancaster and Knoblich 2014b, Renner et al. 2017, Wang, Allen et al. 2018). Re-

markably, a detailed study about the patterning events during the course of cerebral

organoid development and differentiation indicates that spatial and temporal pat-

terning events are reminiscent of that determining the human brain development

(Renner et al. 2017).

1.2.3 Modification of cerebral organoids

The classic cerebral organoid protocol, describing the generation of rather whole–

brain organoids, has been modified by many research groups in the last years
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and has resulted in the formation of more regionally restricted 3D cell cultures

(Lancaster and Knoblich 2014a, Kelava et al. 2016b). In the study of Anca

Paşca and co–workers, both bone morphogenic protein (BMP) and transforming

growth factor β (TGF–β) signalling pathways, were inhibited by the small molecules

Dorsomorphin (DM) and SB–431542 (SB), to archive an effective neural induction

(Paşca et al. 2015). This dual–SMAD inhibition, in combination with fibroblast

growth factor (FGF)2, epidermal growth factor (EGF) and the absence of extra-

cellular scaffolding, gave rise to neural progenitors, expressing the dorsal telenceph-

alic markers paired box protein 6 (PAX6) and forkhead box protein G1 (FOXG1).

Further neuronal differentiation was promoted by replacing FGF2 and EGF with

brain–derived neurotrophic factor (BDNF) and neurotrophic factor 3 (NT3) and led

to the generation of various neural and glial identities of the dorsal cortex within

each spheroid, including superficial and deep cortical layer neurons (Paşca et al.

2015, Kelava et al. 2016b). With this, Paşca et al. described a method that gave

rise to a 3D culture specific of a brain subregion, thereof a culture that exhibited

a reduced amount of ectodermal derivatives, compared to the original cerebral or-

ganoid protocol.

A similar approach of using a dual–SMAD inhibition was published by Qian et

al. in 2016. While maintaining the basis of the Lancaster protocol, like Mat-

rigel embedding and agitation, they have shown that it is possible to culture or-

ganoids in 3D–printed miniaturised bioreactors, thus enable more feasible, scaled–

up productions of neural 3D cultures (Qian et al. 2016). Another advantage of

the self–engineered multi–well spinning device is the possibility of comparing nu-

merous different culture conditions in parallel. Like Paşca and co–workers, they

aimed to reduce the tissue heterogeneity of the cerebral organoids and therefore

pre–patterned the embryoid bodies (EBs) to obtain specific brain regions. The in-

hibition of TGF–β signalling by SB and activation of Wnt signalling by glycogen

synthase kinase 3β (GSK–3β) inhibitor CHIR–99021 (CHIR) within the first two

weeks of culture, resulted in forebrain organoids organised in defined, multi–layered

progenitor zones, including homologues to the ventricular zone (VZ), the inner and

outer subventricular zone (SVZ). Moreover, neuronal types of all six cortical lay-

ers could be detected within these forebrain–specific organoids. With the help of

their mini–bioreactors, Qian and co–workers also developed a method to derive

hypothalamic–specific organoids. After a dual–SMAD inhibition with SB and LDN–

193189 (LDN), they patterned the neuroectodermal cells to a hypothalamic fate, by

activating Wnt and sonic hedgehog (SHH) signalling, applying WNT3a, SHH and
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Purmorphamine (PMA) to the culture. After 40 days, these organoids contained cell

populations expressing markers specific of hypothalamic neuronal lineages (Qian et

al. 2016).

1.2.4 Midbrain–specific organoids

Besides developing a modified protocol for forebrain– and hypothalamus–specific

organoids, Qian et al. also explored a method to derive organoids with a mid-

brain identity. Inspired by 2D experiments performed by Kriks et al. and also

initial midbrain–like tissue experiments reported by Tieng and co–workers, they

induced the floor plate differentiation by activating SMAD inhibition, Wnt and

SHH signalling and adding FGF8 to the developing 3D culture (Kriks et al. 2011;

Tieng et al. 2014). After 18 days, cells expressed the neural progenitor marker

NESTIN and the midbrain floor plate marker forkhead box protein A2 (FOXA2),

dopaminergic neuron (DAN) marker tyrosine hydroxylase (TH) however, could only

be observed from day 38 on. After keeping the organoids for additional weeks in cul-

ture, a sound nuclear receptor related 1 protein (NURR1) and paired–like homeodo-

main 3 (PITX3)/TH co–expression was observed (Qian et al. 2016).

In the same year, another protocol describing the generation of midbrain–specific

organoids was published (Jo et al. 2016). Jo and co–workers based their derivation

on the findings of Chambers et al. and used Noggin and SB for a dual–SMAD

inhibition (Chambers et al. 2009, see also Table 8.1 on page 87). The originating

neural organoids expressed midbrain–specific markers like FOXA2, orthodenticle

homologue 2 (OTX2), and LIM homeobox transcription factor 1α (LMX1A) after

seven days and a subsequent differentiation of these floor plate precursors into TH+

mDANs was achieved during the development of the hMOs (Jo et al. 2016). In-

terestingly, after 60 days of culture, TH+ neurons were co–expressing G–protein–

regulated inward–rectifier potassium channel 2 (GIRK2), which is enriched in the

A9 subtypes of mDANs, forming the SNc in the human brain. This cluster of cells

is particularly vulnerable to cell death and progressively degenerates during the

course of PD (Xi et al. 2012; Hegarty et al. 2013). Gene expression profiles were

generated for the hMOs to further investigate overlapping characteristics with 2D–

cultured mDANs and human prenatal midbrain samples. A cluster analysis com-

paring the differentially expressed genes between the three groups indicated that

hMOs share features of gene expression profiles of the prenatal midbrain, which

cannot be recapitulated via the conventional 2D derivation method for mDANs
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(Jo et al. 2016). Proving that the specific cellular structure and heterogeneity of

the midbrain–specific organoid cultures allow us to model biological aspects, which

cannot be mimicked with current 2D stem cell cultures. Furthermore, the reprodu-

cibility and especially the usability for disease modelling of this organoid protocol

has been proven true by another research group, publishing their findings in the

beginning of this year (Kim et al. 2019).

1.3 Disease modelling with brain organoids

Similar characteristics on molecular, cellular and also physiological basis between

human brain organoids and the actual human brain justify the increasing application

of brain organoids in studying brain biology and modelling neurological disorders

(Wang, Zhu et al. 2018, see Figure 1.2). Already Lancaster and co–workers dis-

Figure 1.2: Application for human brain organoids. Brain organoids de-
rived from human PSCs can be applied for human brain development research.
To improve the understanding of human disease and the impact of genetic vari-
ation, they can serve as a cellular platform for chemical screens (from Arlotta
2018).

covered the potential of cerebral organoids for being used as a model to detect an
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impaired neurodevelopment and they derived organoids carrying a mutation that

causes microcephaly (Lancaster, Renner et al. 2013). It was suggested that also

a Zika virus (ZIKV) infection was causing microcephaly in neonates. In 2016, the

World Health Organization (WHO) declared the ZIKV and its associated complic-

ations an emergency of public health (Qian et al. 2016; Dutta et al. 2017). This

activation of the global research community led to an accelerated development of

vaccines and treatments, with many studies based on cerebral organoids, which were

able to recapitulate features of human cortical development in vitro (Wells et al.

2016; Garcez et al. 2016; Cugola et al. 2016; Qian et al. 2016; Dang et al. 2016;

Nowakowski et al. 2016; Miner et al. 2016; Xu, Yang et al. 2016). The results

of these studies indicate that a ZIKV infection affects the neurogenesis, disrupts

the cortical layers of the organoids, and like this causing microcephalic–like defi-

cits in the cortical development (Dutta et al. 2017). Due to the specific embryonic

formation of human brains, only a human–specific 3D cell culture model exhibiting

advanced organisational features could have led to the reported discoveries. Neither

murine nor 2D cell culture were able to address the potential link between ZIKV

and microcephaly (Qian et al. 2016; Dutta et al. 2017; Setia et al. 2019).

Despite this successful application, brain organoids have not only been proven useful

to study neurodevelopmental disorders. Recently, so–called tumouroids have been

established from human glioblastoma, the most common and aggressive brain can-

cer (Dutta et al. 2017). The hypoxic gradients and stem cell heterogeneity found in

these tumouroids cannot be resembled via conventional culture methods. Therefore,

glioblastoma organoids offer a unique opportunity for their application in brain can-

cer diagnostics and therapeutics (Hubert et al. 2016; Dutta et al. 2017; Bian et al.

2018).

Furthermore, two different approaches using 3D human neural cell culture system

were reported to recapitulate Alzheimer's disease (AD) phenotypes in vitro (Choi,

Kim, Hebisch et al. 2014; Raja et al. 2016). These 3D cultures provide an environ-

ment that promotes the formation of amyloid–β (Aβ) plaques and neurofibrillary

tangles (NFTs), pathological events that could not have been serially linked before

by using 2D cultured human neurons (Choi, Kim, Hebisch et al. 2014; D’Avanzo

et al. 2015; Choi, Kim, Quinti et al. 2016; Raja et al. 2016). This confirms that

the evolving brain organoid methodology facilitates the development of more precise

human cellular models that can support the research of neurodegenerative disorders.





CHAPTER 2

Aim of the thesis

The technology of more complex 3D cell culture systems not only bridges the gap

between traditional 2D in vitro experiments and in vivo animal models, but also

addresses processes that cannot be recapitulated by these traditional models. There-

fore, it offers an opportunity to unravel complex biological processes, like the devel-

opment of the human brain, where conventional models have not proven successful.

The establishment of stem cell–derived brain organoids allowed for the resembling

of key aspects of the human brain development in vitro, by utilising the enormous

differentiation potential of PSCs and their ability to self–organise with a specific

spatial orientation. With that, this novel technology provides a physiologically rele-

vant context, like interactions between glia cells and neurons in a spatially organised

microenvironment, which holds great potential for its application in modelling neu-

rological diseases.

The aim of this thesis was the generation and characterisation of a novel midbrain–

specific 3D cell culture system, thereby providing an advanced in vitro model to

study neurodevelopmental processes and also neurodegenerative diseases of the hu-

man midbrain.

In order to achieve the formation of these highly specialised structures, resembling

specifically the human midbrain, we derived an organoid system from regionally

13
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patterned neural stem cells. The particular starting population, already commit-

ted to the ventral neural tube fate of the mesencephalon, and further application of

spatio–temporal specific signalling under 3D culture conditions, led to the establish-

ment of two novel human midbrain–specific organoid (hMO) methods. We aimed

to assess the differentiation efficiency into true midbrain dopaminergic neurons and

to evaluate their cellular environment within the hMOs. A detailed in vitro char-

acterisation of diverse developing cell populations and their functional properties,

enabled us to evaluate the identity and potential of hMOs.

As we intended to generate a midbrain-specific model that also holds great poten-

tial for its application in modelling neurological diseases, we additionally addressed

whether hMOs are suitable to reveal Parkinson's disease (PD)–relevant phenotypes.

By deriving hMOs from PD patients carrying the LRRK2–G2019S mutation and

comparing them to healthy control hMOs, we focused on the investigation of PD–

relevant pathomechanisms. With that we aimed to evaluate our newly derived hMO

methods that constitute as a powerful tool for human–specific in vitro disease mod-

elling of neurological disorders.



CHAPTER 3

Material and Methods

All comprehensive information concerning the material and methods that were used

in this thesis can be found in the original articles listed in Chapter 4. In the following

section, the experimental procedures which I conducted by myself will be briefly

listed and linked to the respective chapter.

Methods

� hiPSC culture

– see Chapter 5 (Monzel et al. 2017)

– see Chapter 6 (Smits, Magni et al. 2019)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Derivation of mfNPCs

– see Chapter 6 (Smits, Magni et al. 2019)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Expansion of mfNPCs

– see Chapter 6 (Smits, Magni et al. 2019)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

15
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� Differentiation of mfNPCs

– see Chapter 6 (Smits, Magni et al. 2019)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Derivation of smNPC

– see Chapter 5 (Monzel et al. 2017)

� Generation of hMOs

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Immunofluorescence staining

– see Chapter 5 (Monzel et al. 2017)

– see Chapter 6 (Smits, Magni et al. 2019)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Image analysis

– see Chapter 6 (Smits, Magni et al. 2019)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Quantitative RT–PCR (qRT–PCR)

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Dopamine ELISA

– see Chapter 7 (Smits, Reinhardt et al. 2019)

� Microelectrode array (MEA)

– see Chapter 5 (Monzel et al. 2017)

– see Chapter 6 (Smits, Magni et al. 2019)



CHAPTER 4

Results
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CHAPTER 5

Original article: Derivation of Human Midbrain–Specific

Organoids from Neuroepithelial Stem Cells

This article has been published in the Stem Cell Reports journal.
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from Neuroepithelial Stem Cells

5.1 Preface

With the establishment of the hiPSC technology and thereby the ability to generate

all cell types of the human body, the methodology in the field of stem cell research

advanced tremendously (Takahashi et al. 2007). Patient–specific as well as genome

edited hiPSCs enabled a substantial progress in in vitro disease modelling over the

last decade. However, the traditional, 2D cell culture approaches bear limitations,

especially when it comes to recapitulating the complexity of the human brain. These

circumstances motivated the establishment of more complex 3D in vitro cell culture

models. Protocols for the so–called brain–like organoids affirm the enormous differ-

entiation potential of hiPSCs and their ability to self–organise with a specific spatial

orientation (Lancaster, Renner et al. 2013; Muguruma et al. 2015; Jo et al. 2016;

Qian et al. 2016). To obtain these highly specialised structures, resembling spe-

cifically the human midbrain, we derived an hMO system from regionally patterned

human neuroepithelial stem cells (hNESCs). The resulting neural tissue exhibited

abundant neurons with mDAN identity, as well as astroglia and oligodendrocyte

differentiation. Within the hMOs, we could observe neurite myelination with struc-

tures as nodes of Ranvier and the formation of synaptic connections. These indica-

tions for electrophysiological activity were confirmed by calcium imaging and MEA

recordings, determining regular fire patterning and neural network synchronicity.

With this advanced 3D in vitro cell culture system, we provided a method to model

diseases that strongly affect the human midbrain, for instance PD. hMO might be

able to reveal disease underlying mechanisms and therefore have great potential to

be utilised in advanced disease modelling and therapy development.

In this study, I was taking part in developing the hMO derivation protocol. I

supported the other co–authors in designing and compiling experiments for the

characterisation of hMOs. I cultured and analysed hNESCs as a starting population

for hMOs (Supplementary Figure S1A). To evaluate the electrophysiological activity

of hMOs, I elaborated the experimental design for MEA recordings and analysed the

collected data. The results are shown in Figure 4C–G and the method is described

in Supplemental Experimental Procedures. Lastly, I contributed in writing and

editing the manuscript.
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SUMMARY

Research on human brain development and neurological diseases is limited by the lack of advanced experimental in vitro models that

truly recapitulate the complexity of the human brain. Here, we describe a robust human brain organoid system that is highly specific

to the midbrain derived from regionally patterned neuroepithelial stem cells. These human midbrain organoids contain spatially orga-

nized groups of dopaminergic neurons,whichmake theman attractivemodel for the study of Parkinson’s disease.Midbrain organoids are

characterized in detail for neuronal, astroglial, and oligodendrocyte differentiation. Furthermore, we show the presence of synaptic

connections and electrophysiological activity. The complexity of this model is further highlighted by the myelination of neurites.

The present midbrain organoid system has the potential to be used for advanced in vitro disease modeling and therapy development.

INTRODUCTION

With the development of methods to generate induced

pluripotent stem cells (iPSCs) from somatic cells (Takahashi

and Yamanaka, 2006; Yu et al., 2007), human cells with the

potential to generate all body cell types in vitro became

available. This advance led to tremendous progress in the

development of protocols for the differentiation of iPSCs

into various human cell types. In addition, disease-specific

human iPSCs and their derived cell types are now widely

used for in vitro disease modeling. However, particularly

with regard to neuronal diseases, it is of importance to

consider that the human brain is an extremely complex,

three-dimensional (3D) structure. Consequently, the inves-

tigation of its development and modeling of disease pro-

cesses in traditional, two-dimensional cultures has strong

limitations. It has been demonstrated that the presence

of a 3D matrix promotes many biologically relevant func-

tions, such as differentiation capability (Baharvand et al.,

2006; Greiner et al., 2013; Tanaka et al., 2004; Tian et al.,

2008), cellular signaling, and lineage specification (Engler

et al., 2006; Greiner et al., 2013; McBeath et al., 2004). In

addition, 3D culture systems are more physiological con-

cerning cell-cell and cell-matrix interactions (Lee et al.,

2007). These observations have, in recent years, prompted

the use of human iPSCs for the generation of 3D in vitro

models of complete organs, the so-called organoids.

These organoid technologies have been pioneered for

the small intestine (Sato et al., 2009) and later extended

also to other organs or parts of organs (Nakano et al.,

2012). Recently, protocols for the generation of human

brain-like organoids have been developed, including pro-

tocols for cerebral (Lancaster et al., 2013), cerebellar (Mu-

guruma et al., 2015), midbrain-like (Jo et al., 2016), and

forebrain organoids (Qian et al., 2016). These organoids

provide a proof of concept that human iPSCs can indeed

differentiate into various cell types and even self-organize

with a specific spatial orientation, which recapitulates key

features of the human brain. These brain organoids have

been used successfully to model a genetic form of micro-

cephaly (Lancaster et al., 2013) as well as Zika virus-

induced microcephaly (Qian et al., 2016). Importantly,

thus far all brain organoids have been generated directly

from iPSCs; however, evidence suggesting that these orga-

noids could also be derived from more fate-restricted neu-

ral stem cells is lacking. The utilization of neural stem cells

as the starting population has the advantage that already

patterned cells might differentiate into the desired struc-

tures more efficiently (cheaper, faster cell doublings, ease

of handling, and so forth). Furthermore, while the gener-

ation of certain brain structures, such as the cerebral

cortex or cerebellum, is meanwhile well described, a

higher degree of prepatterning seems to be required for

the generation of other highly specialized structures.

This is particularly true for brain regions severely affected

by neurodegenerative disorders, such as Alzheimer’s dis-

ease (hippocampus) or Parkinson’s disease (PD; substantia

nigra).
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To address these challenges, we used our previously

described human neuroepithelial stem cell (NESC) culture

system (Reinhardt et al., 2013) and differentiated these

NESCs under dynamic conditions into human midbrain-

specific organoids.

RESULTS

Generation of Human Midbrain-Specific Organoids

Previously described NESCs (Reinhardt et al., 2013) were

used as the starting population for the generation of hu-

man midbrain organoids (hMOs). Compared with iPSCs

as a starting population, NESCs are already patterned to-

ward midbrain/hindbrain identity. Therefore, an efficient

differentiation into hMOs was expected.

Typically, NESCs express the neural progenitor markers

SOX1, SOX2, PAX6, and Nestin prior to organoid genera-

tion (Figure S1A). Cells were seeded on round-bottomed

ultra-low-adhesion 96-well plates, enabling the cells to

form 3D colonies. They were cultured in the presence of

theGSK3b inhibitor CHIR99021 to stimulate the canonical

WNT signaling pathway, and the SHH pathway was acti-

vated using purmorphamine (PMA). The 3DNESC colonies

were embedded into droplets of Matrigel for structural sup-

port, and 2 days later differentiation into hMOs was initi-

ated. We kept the organoids on an orbital shaker rotating

at 80 rpm (Figure 1A). All experiments were conducted

with four different and independent NESC lines, individu-

ally derived from four different and independent human

iPSC lines (Table S1).

During the first 12 days of culture, the hMOs rapidly

increased in size and reached a mean core size of

1.26 mm (±0.06 mm, n = 4) in diameter after 20 days (Fig-

ure 1B). Consistent with the finding that organoids

increased in size after starting the differentiation, we

observed expression of the cell proliferation marker Ki67

at day 27 (referred to as early-stage hMOs), which signifi-

cantly decreased upon maturation until day 61 (late-stage

hMOs) from 2.32% (±0.7%, n = 4) to 0.13% (±0.08%,

n = 4) (Figures 1C, 1E, and 1G). Furthermore, young

hMOs expressed the neural progenitor marker SOX2,

which also significantly decreased during maturation

from 35% (±3%, n = 4, day 27) to 18.4% (±1.7%, n = 4,

day 61). Interestingly, the localization of SOX2-positive

cells became more regionally restricted by day 61, resem-

bling the formation of a stem cell niche (Figures 1D, 1F,

and 1G). Although consistent with previous findings (Lan-

caster andKnoblich, 2014; Lancaster et al., 2013), we found

substantial cell death in the core of the hMOs, which re-

sulted from the lack of nutrient support in the center of

the organoid. In general we did not observe high levels of

apoptotic cell death, revealed by staining of the marker

cleaved caspase-3. The basic level of apoptosis that was

detectable did not change during the course of differentia-

tion (Figure S1B). Importantly, we were able to reproduce

the generation of hMOs from NESCs, which were previ-

ously derived from four independent iPSC lines.

Neuronal Differentiation and Self-Organization of

NESC-Derived hMOs

After showing a decrease of proliferation and stem cell

identity, we assessed neuronal differentiation. Because we

are particularly interested in the future utilization of

hMOs for in vitro modeling of PD, we also investigated

the differentiation of midbrain dopaminergic neurons

(mDNs). We were able to see robust differentiation into

TUJ1-positive neurons and tyrosine hydroxylase (TH) pos-

itive mDNs. These stainings revealed the formation of a

complex neuronal network (Figures 2A, 2B, S2A, and S2B).

We further examined whether the organoids undergo

differentiation into mDNs with midbrain identity. We

observed a large population of TH-, LMX1A-, and FOXA2-

positive neurons in late-stage hMOs (Figure 2C). Flow-cy-

tometry analysis of late-stage hMOs revealed that 64%

(±2.4%, n = 4) of the cells were triple-positive for TH,

LMX1A, and FOXA2 (Figure 2D). To further confirm the

regional identity of the hMOs, we stained for the orphan

nuclear receptor NURR1, which is widely expressed in

mDNs. NURR1 expression was observed in early- and

late-stage hMOs. We identified cells that co-expressed

NURR1 with the midbrain-specific transcription factor

OTX2 (Figure 2E) and the mDN marker TH (Figure S2C).

We further found cells that co-expressed NURR1 with the

ventral marker NKX6-1 (Figures 2F and S2D). We next

examined the expression of PITX3, an important transcrip-

tion factor for the differentiation and maintenance of

mDN during development. We found cells co-expressing

PITX3 with TH in the late-stage hMOs (Figure S2E) as well

as a small population of cells co-expressing PITX3 with

NKX6-1 (Figure S2F). Taken together, these results indicate

a differentiation toward ventral midbrain identity in the

hMOs described here.

To further address the identity of mDNs in these organo-

ids, we stained for the dopamine transporter (DAT), which

is a definingmarker for mDNs. In late-stage hMOs we iden-

tified cells co-expressing TH and DAT (Figure 1G), as well as

cells positive for FOXA2/DAT (Figure S2G) and TH/dopa-

mine decarboxylase (DDC) (Figure S2H). qRT-PCR further

confirmed the upregulation of the three mDN differentia-

tion markers TH, DAT, and DDC in late-stage hMOs (Fig-

ure 2H). Previously, expression of PAX6 in the midbrain

but not in mDNs has been shown (Duan et al., 2013;

Schwarz et al., 1999). To further confirm the identity of

the mDNs, we stained for PAX6 and TH. We could not

identify TH-positive mDNs co-expressing PAX6, further
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Figure 1. Derivation of hMOs from Human NESCs
(A) Procedure of hMO culture system. Details are described Supplemental Experimental Procedures. hNESC, human neuroepithelial stem
cell; AA, ascorbic acid, PMA, purmorphamine.
(B) Growth of hMOs from day 4 to day 20. The diameter size of six organoids (two independent cultures) per organoid line was measured on
days 4, 8, 12, 16, and 20 of the organoid culture and the mean was calculated. Error bars represent mean ± SEM.
(C) IF staining of the cell proliferation marker Ki67 at day 27 and day 61 of the organoid culture.
(D) IF staining at day 27 and day 61 of the neural stem cell marker SOX2.
(E) Quantification of the percentage of Ki67+ cells at day 27 and day 61 by cell counting. Ki67+ cells were normalized to Hoechst+ cells. A
total of 3,549 Hoechst+ cells (day 27) and 3,309 Hoechst+ cells (day 61) of eight independent organoid cultures derived from four in-
dependent lines was counted. Error bars represent mean + SEM (n = 4); ***p < 0.0001.
(F) Quantification of the percentage of SOX2+ cells at day 27 and day 61 by cell counting. SOX2+ cells were normalized to Hoechst+ cells. A
total of 3,549 Hoechst+ cells (day 27) and 3,309 Hoechst+ cells (day 61) of eight independent organoid cultures derived from four in-
dependent lines was counted. Error bars represent mean + SEM (n = 4); ***p < 0.0001.
(G) Representative image of Ki67+/SOX2+ proliferative neural progenitor cells at day 27.
Dashed lines indicate the perimeter of the organoid.
Scale bars, 200 mm (C and D) and 20 mm (G).
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supporting that the hMOs contain authentic mDNs (Fig-

ure S2I). Intriguingly, we observed robust co-expression

of GIRK2 with TH in late-stage hMOs, revealing the pres-

ence of the A9 subtype mDNs (Figure 2I), but we also

observed cells double-positive for CALBINDIN (CALB)

and TH in late-stage hMOs, indicating the presence of

A10 subtype mDNs (Figure 2J). These data confirm that

our hMOs contain A9 and A10 subtype mDNs.

In previous studies it has been repeatedly shown that

stem cells exhibit an enormous potential to self-organize

into complex heterogeneous brain organoids (Eiraku and

Sasai, 2012; Eiraku et al., 2008; Lancaster et al., 2013; Mu-

guruma et al., 2015). To examine the degree of spatial orga-

nization in hMOs, we evaluated the distribution pattern of

the mDN markers TUJ1/TH and depicted the results using

surface plots. Strikingly, we found that mDNs formed

clearly specified clusters within hMOs (Figures 2K and

2L). To further demonstrate the identity of TH-positive

neurons as dopaminergic, we analyzed their ability to pro-

duce the neurotransmitter dopamine. Immunostaining of

mature hMOs demonstrated the presence of dopamine,

TH, and MAP2 triple-positive cells (Figure 2M). Intrigu-

ingly, we occasionally even observed the formation of

Fontana-Masson staining-positive neuromelanin granules

in the hMO cultures (Figure S2J).

Altogether these results indicate that mDNs of NESC-

derived organoids self-organize into a complex, spatially

patterned neuronal tissue.

Glial Differentiation in hMOs

During the development of the fetal human brain, neural

tube-derived cells not only differentiate into neurons but

also into glia cells, including astrocytes and oligodendro-

cytes. Therefore, we investigated the presence of these

glia cells in the hMOs. In good agreement with brain

development, where glia differentiation temporally follows

neuronal differentiation, we were unable to detect sig-

nificant amounts of glia cells in young hMOs (day 27).

However, in more mature organoids (day 61), we observed

a significant increase of S100B-positive astrocytes (up to

4%) (Figure 3A). We confirmed astrocyte identity by co-

staining of S100B with the astrocyte markers Aquaporin

(AQP4) and Vimentin (VIM) (Figure 3B). Moreover, we de-

tected a fraction of cells that differentiated intoO4-positive

oligodendrocytes (Figure S3A). In the CNS, mature oligo-

dendrocytes form myelin sheaths that enwrap axons to

accelerate the transmission of action potentials along

axons. To analyze whether the oligodendrocytes within

the hMOs are able to execute their actual function, i.e., for-

mation of myelin sheets, we performed IF staining against

CNPase, a myelin-associated enzyme, together with the

neuronal marker TUJ1. A 3D surface reconstruction of

these stainings revealed numerous TUJ1-positive neurites

that were ensheathed by myelin sheets of CNPase-positive

oligodendrocytes (Figures 3C, S3B, and S3C). Interestingly,

these neurites often showed gaps of ensheathment, resem-

bling the formation of nodes of Ranvier (Figure 3C) that

allow for saltatory fast neuronal transmission. Moreover,

CNPase-positive oligodendrocytes that ensheath TUJ1-pos-

itive neurites were also positive for the mature oligoden-

drocyte marker myelin basic protein (MBP) (Figure 3D).

Quantification revealed that 29.6% (±2.4%, n = 4) of

TUJ1-positive neurites were ensheathed by oligodendro-

cytes as confirmed by image analysis using MBP and TUJ1

masks.

Functionality of hMOs

One important requirement for neuronal transmission is

the development of a mature neuronal network via the

formation of synaptic connections. Therefore, synaptic

Figure 2. Neuronal Differentiation and Self-Organization in hMOs
(A) Whole-mount IF staining of an organoid at day 27 for the mDN markers TUJ1 and TH.
(B) IF staining of the mDN markers TUJ1 and TH in a 50-mm section at day 30.
(C) IF staining of the midbrain dopaminergic neuron markers FOXA2, LMX1A, and TH at day 61.
(D) Representative flow-cytometry analysis of cells dissociated from hMO1 at day 61 (six organoids) to quantify TH-, LMX1A-, and FOXA2-
positive cells.
(E) IF staining of NURR1 and midbrain marker OTX2 in late-stage hMOs (D61).
(F) IF staining of NKX6-1 and NURR1 in early-stage hMOs (day 30).
(G) IF staining of DAT co-stained with TH in late-stage hMOs (day 61).
(H) qRT-PCR analysis for the mDN markers TH, DAT, and DDC. Data obtained from four independent NESC lines and therefrom derived hMOs.
For each hMO culture, five organoids were pooled for RNA isolation. Error bars indicate mean + SEM (n = 4); *p = 0.0286 (TH), *p = 0.0286
(DAT), *p = 0.0571 (DDC).
(I) IF staining of A9 mDN marker GIRK2 co-stained with TH in late-stage hMOs (day 61).
(J) IF staining of A10 mDN marker calbindin and TH in late-stage hMOs (day 61). Arrowheads show cells that are positive for both markers.
(K and L) Asymmetry analysis of mDNs. Immunostaining of mDNs for TUJ1 and TH (K) was analyzed based on fluorescence intensities using
a 3D surface plot (L).
(M) IF staining for dopamine (DA), MAP2, and TH at day 50.
Section in (F) is 100 mm and section in (K) is 150 mm. Scale bars, 200 mm (A and K), 20 mm (B, C, F, I, and J), and 10 mm (E, G, and M).
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connectivity was investigated using IF staining against the

presynaptic marker Synaptophysin (SYP) and the postsyn-

apticmarker PSD95 at day 61. To assess the presynaptic and

postsynaptic density in hMOs, we quantified the number

of presynaptic and postsynaptic counts per mm2 to an

amount of 0.031 (±0.003; n = 4) and 0.016 (±0.004;

n = 4), respectively. A subsequent 3D surface reconstruction

demonstrated not only the formation of numerous pre-

and postsynaptic puncta but also multiple synaptic con-

nections (Figures 3E and S3D). Synaptic connections have

been developed between different neurites, indicated

by the direct contact of SYP-positive presynapses with

PSD95-positive postsynapses (Figure 3F). Accordingly,

hMOs fulfill the prerequisite to forward signals via synaptic

connections and thus for being electrophysiologically

functional.

To further address functionality and neuronal network

activity, we performed Fluo-4AM calcium imaging on

whole organoids. We measured the spontaneous neuronal

activity of six hMOs based on calcium transients evoked by

action potentials (Figures 4A, 4B, and S4; Movie S1).

Notably, some of the fluorescent traces showed regular

firing patterns, which were indicative of tonic electrophys-

iological activity and resembled the pacemaker activity of

mDNs (Hartfield et al., 2014; Moreno et al., 2015). We

quantified that 64% (±18%, n = 3) of the cells were actively

firing. In addition to calcium imaging, a multielectrode

array (MEA) system was used to examine the electrophysi-

ological activity. This methodology allows non-invasive

recordings of extracellular field potentials generated by

action potentials. At days 82–84, the hMOs were placed

on a grid of 16 electrodes in a 48-well tissue culture plate

(Figure 4C). Spontaneous activity was detected over several

days by individual electrodes in the form of mono- and

biphasic spikes (96.13 ± 66.8 spikes/active electrode/mea-

surement [n R 4], Figures 4D and 4E). Furthermore,

spikes occurred close in time onmultiple electrodes, which

represents neuronal network synchronicity (Figure 4F). To

further address functionality, we treated the hMOs with

the dopamine D2/D3 receptor agonist quinpirole (5 mM).

Indeed, after this treatment neuronal activity was reduced

(Figure 4G), confirming the presence of functional dopa-

mine receptors in the described hMOs. Together, these

findings indicate that hMOs develop functional synaptic

connections and show spontaneous neuronal activity.

DISCUSSION

One of the main limitations in neuroscience and the

modeling of neurological diseases is the lack of advanced

experimental in vitro models that truly recapitulate the

complexity of the human brain. Here we have presented

a human brain organoid system that is highly specific to

the midbrain. These hMOs contain spatially patterned

groups of dopaminergic neurons, which make them an

attractive model for the study of PD. hMOs are character-

ized in detail with regard to neuronal differentiation and

activity as well as for astroglia and oligodendrocyte

differentiation.

The presence of astrocytes is crucial for the formation of

synapses and regular neuronal activity (Chung et al., 2015).

Astrocytes are specified later than neurons during develop-

ment (Chaboub and Deneen, 2013; Molofsky et al., 2012).

Accordingly, hMOs show robust astrocyte immunoreac-

tivity only after 61 days of differentiation. Furthermore,

synaptic connections, consisting of a direct contact

between pre- and postsynapses, are detectable in the

hMOs. These synaptic contacts are the prerequisite for elec-

trophysiological and neuronal network functionality,

which we indeed detected in the hMOs by Ca2+ imaging

and MEA measurements. In addition, fast information

transmission between neurons depends on axonal myeli-

nation, which is achieved by oligodendrocytes. In most

Figure 3. Differentiation into Glial Cells and Formation of Synaptic Connections
(A) IF staining for the astroglia marker S100B in early-stage (day 27) and late-stage (day 61) hMOs. Dashed lines indicate the perimeter of
the organoid.
(B) IF staining for the astrocyte markers S100B, AQP4, and VIM. Dashed lines indicate the perimeter of the organoid.
(C) IF staining of an organoid at day 61 revealing differentiation into CNPase- and MBP-positive oligodendrocytes. 3D surface re-
constructions of confocal z stacks visualize the formation of myelin sheaths that enwrap TUJ1-positive neurites (arrowheads) as well as the
formation of nodes of Ranvier that are suggested by the presence of gaps of CNPase-positive ensheathment.
(D) 3D surface reconstruction of a confocal z stack of an IF staining of co-stained MBP and CNPase enwrapping a TUJ1-positive neurite.
(E) IF staining of the presynaptic marker SYP and the postsynaptic marker PSD95 at day 61. Arrowheads indicate a direct contact between a
pre- and a postsynapse. Dashed box indicates the region of magnification. Images show the 3D view of a confocal z stack.
(F) 3D surface reconstructions of confocal z stacks demonstrate the formation of synaptic connections between different neurites of an
organoid as indicated by several direct contacts (arrowheads) between the pre- and postsynaptic markers SYP and PSD95, respectively.
Lower panels show high magnifications of a 3D view of a confocal z stack and the corresponding 3D surface reconstruction of several
synaptic connections.
Scale bars represent 200 mm (A), 20 mm (B, C upper panel left/middle, E left), 10 mm (C lower panel, D, F upper panel left), 7 mm (E right),
3 mm (F upper panel right), 2 mm (F lower panel), 1 mm C upper panel right.
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stem cell-based differentiation protocols, the differentia-

tion into oligodendrocytes is extremely inefficient (Bunk

et al., 2016; Jablonska et al., 2010). However, in the present

approach we achieved a robust differentiation into oligo-

dendrocytes and a high degree of neurite myelination.

Neurites in these hMOs are ensheathed by oligodendro-

cytes and even structures such as the nodes of Ranvier,

which are of critical importance for saltatory transmission

of signals in axons (Faivre-Sarrailh and Devaux, 2013),

become apparent.

Compared with other pioneering human brain organoid

systems, we are able to generate organoids of a remarkable

size (up to 2 mm in diameter) with high reproducibility.

Importantly, it was possible to reproducibly generate

hMOs based on iPSC lines that come from different origins

such as cord blood and fibroblasts. Additionally these

fibroblasts have been sampled from individuals at ages

from 53 years to 81 years (Table S1). Importantly, in

contrast to all other human brain organoid systems, our

starting population of cells are not iPSCs but NESCs (Rein-

hardt et al., 2013), which allows us to achieve an efficient

directed differentiation. Our approach is fully focused on

the midbrain, as shown by the abundant presence of neu-

rons withmDN identity. These neurons are asymmetrically

Figure 4. hMOs Reveal Electrophysio-
logical Activity
(A and B) Monitoring of the spontaneous
electrophysiological activity in an organoid
using Fluo-4AM-based calcium imaging. (A)
Mean fluorescence frame of a calcium im-
aging dataset of a midbrain organoid with
two segmented neurons (bordered red and
blue) expressing spontaneous activity. Scale
bar, 20 mm. (B) Fluorescence traces corre-
sponding to the segmented cell bodies in
(A) showing firing patterns with pace-
making-like shape.
(C–F) Evaluation of the spontaneous activity
in 16 hMOs of four organoid lines (n = 4)
after 82–84 days using an MEA system.
(C) Representative scheme of positioned
midbrain organoid on a 16-electrode array in
a 48-well tissue culture plate. (D) Repre-
sentative image of the activity map. (E)
Examples of mono- and biphasic spikes
detected by individual electrodes. (F)
Representative image of a spike raster plot
showing neuronal network activity in time
and space. Spikes occurring on multiple
electrodes, closely in time, represent
network synchrony, indicated by pink lines.
(G) Representative raw data trace (i) and
spike raster plots (ii) for single electrodes
and the effect of quinpirole on firing fre-
quency of mDNs 30 min after treatment.
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distributed in a discrete cluster. This asymmetry mirrors a

unique feature of the human brain, where the soma of

mDNs reside in the substantia nigra. Furthermore, the pres-

ence of neuromelanin, which is a unique feature of the

primate brain, is an interesting finding.

The presented hMOs have a great potential to be used for

in vitro modeling of diseases that strongly affect the

human midbrain, particularly PD (Michel et al., 2016).

Patient-specific hMOs might reveal specific phenotypes

that are not abundant in 2D cultures and therefore may

be used for mechanistic studies and drug testing. Impor-

tantly, such a pipeline would be fully suitable for

approaches in personalizedmedicine (Bu et al., 2016; Hillje

and Schwamborn, 2016).

Neurodegenerative disorders, such as PD, are typically

considered to be age-associated diseases (Sepe et al., 2016;

Xu et al., 2016). However, there is accumulating evidence

that PD has a strong neurodevelopmental component

that probably defines the susceptibility to develop the dis-

ease (Garcia-Reitboeck et al., 2013; Le Grand et al., 2014).

This finding supports the importance of human brain

development models to investigate the disease’s under-

lying mechanisms.

Major limitations of the hMOs presented here, as well as

other published brain organoid systems, is the absence of

immune cells (microglia) and vasculature. The absence of

vasculature might limit the growth of organoids beyond a

certain size and the appearance of dead cells in the center

of the organoids. While the absence of microglia is a major

disadvantage for diseasemodeling, another option to reduce

the problem of the dead cells in the center of organoids

might be to produce smaller organoids. However, it seems

likely that there is a minimal size of an organoid required

to achieve key characteristics such as spatial asymmetry.

Despite these limitations, the hMO system presented here

along with other models may be a first step toward a more

human patient-specific, probably even personalized, era of

advanced disease modeling and therapy development.

EXPERIMENTAL PROCEDURES

Authorization from the National Ethics Committee for the work

with human iPSCs (CNER No. 201305/04; PDiPS from the Ethic

Review Panel of the University of Luxembourg) is in place.

For hMO generation, 9,000 human NESCs were plated in each

well of an ultra-low-attachment 96-well round-bottomed plate

(Corning) and cultured in N2B27 medium (DMEM-F12 [Invitro-

gen]/Neurobasal [Invitrogen] 50:50 with 1:200 N2 supplement

[Invitrogen], 1:100 B27 supplement lacking vitamin A [Invitro-

gen], 1% L-glutamine and 1% penicillin-streptomycin [Invitro-

gen]) containing 3 mM CHIR-99021 (Axon Medchem), 0.75 mM

purmorphamine (Enzo Life Science), and 150 mM ascorbic acid

(Sigma) (referred to as N2B27 maintenance medium). After

6 days, the colonies were transferred to ultra-low-attachment

24-well plates (Corning) and cultured in N2B27 maintenance me-

dium. On day 8, the 3D colonies were transferred to droplets of

hESC-qualified Matrigel (BD Bioscience) as previously described

(Lancaster and Knoblich, 2014). Droplets were cultured in N2B27

maintenance medium for 2 more days. On day 10, differentiation

was initiated with N2B27 medium supplemented with 10 ng/mL

human brain-derived neurotrophic factor, 10 ng/mL human

glial-derived neurotrophic factor, 500 mM dibutyryl cyclic AMP

(Peprotech), 200 mMascorbic acid (Sigma), and 1ng/mL transform-

ing growth factor b3 (Peprotech). In addition, 1 mM purmorph-

amine (Enzo Life Science) was added to this medium for an

additional 6 days. On day 14 of the organoid culture, the plates

were placed on an orbital shaker (IKA), rotating at 80 rpm, in an

incubator and the organoids were kept in culture with media

changes every second or third day. A detailed description is pro-

vided in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, two tables, and one movie and can be

found with this article online at http://dx.doi.org/10.1016/j.

stemcr.2017.03.010.
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Supplemental Figures and Legends 

Figure S1

 

 

Figure S1: Derivation of hMOs from human NESCs. Related to Figure 1. 
(A) Immunocytological staining of human neuroepithelial stem cells for the neural progenitor 

markers NESTIN and SOX2 (upper panel) and SOX1 and PAX6 (lower panel). (B) 

Immunohistological staining at days 27, 44, and 61 for the apoptotic marker cleaved caspase-

3 (CC3). Scale bars, 20 µm (A), 200 µm (B). Dashed lines indicate the perimeter of the 

organoid. 
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Figure S2  

 
Figure S2: mDN differentiation and specification. Related to Figure 2. 
(A) Immunohistological staining of TUJ1 and TH at day 30.(B) Higher magnification of (A) 

showing an immunohistological staining of TUJ1 and TH at day 30. (C) Immunohistological 

staining of the mDN markers NURR1 and TH.(D) Immunohistological staining of the ventral 

marker NKX6-1 in early stage (i) and late stage (ii) organoids. (E) Immunohistological 

staining of mDN markers PITX3 and TH in late stage organoids. (F) Immunohistological 

staining of the ventral marker NKX6-1 and PITX3 in late stage organoids.(G) 

Immunohistological staining of mDN markers DAT and FOXA2 in late stage organoids. (H) 

Immunohistological staining of DN markers DDC and TH in late stage organoids. 
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(I) Immunohistological staining of neural progenitor marker PAX6 and DN marker TH in late 

stage organoids.(F) Fontana Masson staining of (i) an organoid kept under maintenance 

conditions at d13 (negative control), (ii) human post-mortem substantia nigra tissue as a 

positive control and (iii) a midbrain organoid at day 149. (iv) Higher magnification of (iii). 

Scale bars, 200 µm (A, D), 20 µm (B, C, E, G, I) 10 µm (F), 5 µm (H). Dashed lines indicate 

the perimeter of the organoid. 

 

 

 

 

 

 

 

Figure S3 

 

Figure S3: Robust differentiation into glia cells and formation of synaptic connections. 

Related to Figure 3. 
(A) Overview of an organoid 

at day 44 shows robust 

differentiation into O4-

positive oligodendrocytes 

and TUJ1-positive neurons. 

Oligodendrocytes show 

spatially asymmetric 

distribution that cluster in the 

upper left region of the 

organoid.  

(B) Representative 3D view 

and surface reconstruction at 

a lower magnification of the 

confocal z-stack shown in 

Figure 3C. Cells 

differentiated into CNPase-

positive oligodendrocytes 

and TUJ1-positive neurons. 

(C) Representative 3D view 

and surface reconstruction at 

higher magnification of a 

confocal z-stack illustrate 

the formation of CNPase-

positive myelin sheets that 

cover TUJ1-positive fibers.  

(D) Representative 3D 

surface reconstructions of 

the confocal z-stack shown 

in Figure 3E. Scale bars, 200 

µm (A), 50 µm (B), 15 µm 

(C), 20 µm (D). 
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Figure S4 

 

Figure S4: hMOs reveal electrophysiological 

activity. Related to Figure 4. 
(A) Mean fluorescence frame of a Fluo-4AM 

based calcium imaging dataset of a midbrain 

organoid with automatically segmented cell 

bodies. Scale bar, 20 µm. 

(B) Fluorescence traces corresponding to the 

cell bodies segmented in (A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1 

Table S1 

Source of hiPSCs 

Age at 

sampling Gender 

hNESC 

ID 

Corresponding human 

midbrain organoid 

culture 

Reinhardt et al. 

2013 81 ♀ 3.0.0.10.0 hMO1 

Reinhardt et al. 

2013 53 ♀ 3.0.0.14.0 hMO2 

Coriell (ND34769) 68 ♀ 3.0.0.24.1 hMO3 

Gibco (A13777) 

Cord 

Blood ♀ 3.0.0.15.0 hMO4 

 

Table S1 related to experimental procedures: Cell lines used in this study to generate 
hMOs. Human NESCs were derived under 2D conditions from human iPSCs of different 

origin. Human midbrain-specific organoids were generated with hNESCs as described in the 

Experimental procedures section.  
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Table S2 

 

Antibody Species Source Ref.-No. Dilution 

AQP4 rabbit Santa Cruz sc-20812 1:100 

Calbindin mouse swant 300 1:500 

CC3 rabbit 

Cell Signaling 

Technology 9661 1:200 

CNPase mouse Abcam ab6319 1:200 

DAT rat Abcam ab5981 1:500 

DDC rabbit Thermo Scientific PA5-25450 1:25 

Dopamine rabbit ImmuSmol IS1005 1:500 

FOXA2 mouse Santa Cruz sc-101060 1:250 

GIRK2 goat Abcam ab65096 1:200 

IgG control rabbit Santa Cruz sc-3888 1:100 

IgG2a κ isotype 

control mouse BioLegend 401502 1:300 

IgY control chicken RnD AB-101-C 1:50 

KI67 mouse BD Biosciences 550609 1:200 

LMX1A rabbit Abcam ab139726 1:200 

MAP2 mouse Millipore MAB3418 1:200 

MBP rat Abcam ab7349 1:200 

Nestin mouse BD Bioscience 611659 1:200 

NKX6-1 mouse DSHB F55A10 1:50 

NURR1 rabbit Santa Cruz sc-991 1:250 

O4 mouse Sigma-Aldrich O7139 1:400 

OTX2 goat R&D AF1979 1:200 

PAX6 rabbit Covance PRB-278P 1:300 

PAX6 mouse DSHB 1-223 1:200 

PITX3 rabbit Millipore AB5722 1:200 

PSD-95 rabbit Invitrogen 51-6900 1:300 

S100B mouse Sigma-Aldrich S2532 1:1000 

SOX1 goat R&D systems AF3369 1:100 

SOX2 goat R&D systems AF2018 1:200 

SOX2 rabbit Abcam ab97959 1:100 

SYP mouse Abcam ab8049 1:50 

TH chicken Abcam ab76442 1:1000 

TH rabbit Abcam ab112 1:1000 

TH rabbit Santa Cruz sc-14007 1:1000 

TUJ1 mouse BioLegend 801201  1:600 

TUJ1 rabbit Covance 

PRB-435P-

0100 1:600 

TUJ1 chicken Millipore AB9354 1:600 

Vimentin chicken Abcam ab24525 1:200 

 

Table S2 related to experimental procedures: Antibodies used in this study. 

 

36
Chapter 5 Original article: Derivation of Human Midbrain–Specific Organoids

from Neuroepithelial Stem Cells



6 
 

Supplemental Experimental Procedures 

Neuroepithelial stem cell derivation and 

generation of midbrain organoids 

Human NESC lines from four female 

healthy individuals were generated as 

described elsewhere (Reinhardt et al., 2013) 

from human iPSC lines (Table S1). Human 

NESCs were cultured on Matrigel coated 

plates in N2B27 media supplemented with 

3 µM CHIR-99021 (Axon Medchem), 

0.75 µM purmorphamine (Enzo Life 

Science) and 150 µM ascorbic acid (Sigma) 

(referred to as N2B27 maintenance media) 

as previously described (Reinhardt et al., 

2013). N2B27 medium consists of DMEM-

F12 (Invitrogen)/Neurobasal (Invitrogen) 

50:50 with 1:200 N2 supplement 

(Invitrogen), 1:100 B27 supplement 

lacking Vitamin A (Invitrogen), 1 % L-

glutamine and 1 % penicillin/streptomycin 

(Invitrogen). On day 0 of the organoid 

culture, hNESCs at passage <24 were 

treated with accutase for 5 min at 37 °C, 

followed by gentle pipetting to generate 

single cells. A total of 9000 cells were 

seeded into each well of an ultra-low 

attachment 96-well round bottom plate 

(Corning) and cultured in N2B27 

maintenance media. The medium was 

changed every other day for 6 days, and 3D 

colonies were then transferred to ultra-low 

attachment 24-well plates (Corning) and 

cultured in N2B27 maintenance media. 

On day 8 of the organoid culture, the 3D 

colonies were transferred to droplets of 

hESC-qualified Matrigel (BD Bioscience) 

as previously described (Lancaster and 

Knoblich, 2014). Droplets were cultured in 

N2B27 maintenance media either in 10-cm 

Petri dishes for short-term cultures or in 

ultra-low attachment 24-well plates 

(Corning) with one droplet per well for 

long-term cultures. On day 10, 

differentiation was initiated with N2B27 

media supplemented with 10 ng/ml hBDNF 

(Peprotech), 10 ng/ml hGDNF (Peprotech), 

500 µM dbcAMP (Peprotech), 200 µM 

ascorbic acid (Sigma), and 1 ng/ml TGF-β3 

(Peprotech). Additionally, 1 µM 

purmorphamine (Enzo Life Science) was 

added to this medium for an additional 

6 days. On day 14 of the organoid culture, 

the plates were placed on an orbital shaker 

(IKA), rotating at 80 rpm, in an incubator 

(5 % CO2, 37 °C) and the organoids were 

kept in culture with media changes every 

second or third day. In order to measure the 

size of the organoids, brightfield images 

were taken of two independently generated 

organoid cultures of four cell lines (3 

organoids per cell line) and the average 

diameter was measured.  

 

Flow cytometry 

For flow cytometry analysis, six organoids 

for each cell line were dissociated to single 

cells by incubation in DMEM-F12 

(Invitrogen) containing 0.18 % Papain 

(Sigma), 0.04 % EDTA (Sigma) and 

0.04 % L-Cystein (Sigma) at 37 °C under 

dynamic conditions until the Matrigel 

disappeared (2-3 h). Organoids were then 

treated with accutase for further 2-3 h at 

37 °C under dynamic conditions. During 

accutase treatment, organoids were firstly 

triturated with a 1000 μl pipette and 

eventually with a 200 μl pipette in order to 

support the dissociation into single cells. 

For intracellular staining, transcription 

factor buffer set (BD Bioscience) was used 

according to the manufacturer´s 

instructions. After fixation, cells were 

filtered through a 5 ml polystyrene round-

bottom tube with cell-strainer cap 

(Corning). 200,000 cells were used per 

sample and antibodies were used at the 

following dilutions: chicken anti-TH (1:50, 

Abcam) mouse anti-FOXA2 (1:300, Santa 

Cruz Biotechnology) and rabbit anti-

LMX1A (1:100, Abcam). Threshold gates 

were set with the same samples that were 

stained with the following isotype control 

antibodies: Normal chicken IgY Control 

(R&D Systems), normal rabbit IgG control 

(Santa Cruz Biotechnology), and purified 

Mouse IgG2a, κ isotype control 

(BioLegend). Isotype control antibodies 

were used at the same concentration as the 

detection antibody. All secondary 
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antibodies (Invitrogen) were conjugated to 

Alexa Fluor fluorochromes. Flow 

cytometry was performed by using BD 

LSRFortessa Cell Analyzer and data were 

analyzed and represented by FlowJo 

software.  

 

Immunohistochemical analysis 

Organoids were fixed with 4 % 

paraformaldehyde overnight at RT and 

washed 3x with PBS for 1 h. Afterwards, 

they were embedded in 3 % low-melting 

point agarose in PBS and incubated for 

15 min at 37 °C, followed by 30 min 

incubation at RT. The solid agarose block 

was covered with PBS and kept overnight 

at 4 °C. If not indicated otherwise, 50 µm 

sections were cut using a vibratome (Leica 

VT1000s), and sections were permeabilized 

with 0.5 % Triton X-100 in PBS and 

blocked for 2 h in 2.5 % normal goat or 

donkey serum with 2.5 % BSA, 0.1 % 

Triton X-100, and 0.1 % sodium azide. 

Permeabilization times varied between 

30 min and 2 h depending on the antibody 

used. Sections were incubated on a shaker 

for 48-72 h at 4 °C with primary antibodies 

in the blocking buffer at the following 

dilutions: rabbit anti-TH (1:1000, Abcam), 

chicken anti-TH (1:1000, Abcam), rabbit 

anti-TH (1:1000, Santa Cruz 

Biotechnology), goat anti-SOX2 (1:200, 

R&D Systems), rabbit anti-SOX2 (1:100, 

Abcam), goat anti-SOX1 (1:100, R&D 

Systems), mouse anti-NESTIN (1:200, 

BD), mouse anti-KI67 (1:200, BD), rabbit 

anti-CC3 (1:200, Cell Signalling), mouse 

anti-FOXA2 (1:250, Santa Cruz 

Biotechnology), rabbit anti-LMX1A 

(1:200, Abcam), mouse anti-S100B 

(1:1000, Abcam), chicken anti-Vimentin 

(1:200, Abcam), rabbit anti-AQP4 (1:100, 

Santa Cruz Biotechnology), mouse anti-

TUJ1 (1:600, Covance), rabbit anti-TUJ1 

(1:600, Covance), chicken anti-TUJ1 

(1:600 Millipore), mouse anti-NKX6-1 

(1:50, DSHB), rabbit anti-NURR1 (1:250, 

Santa Cruz Biotechnology), goat anti-

OTX2 (1:200, Neuromics), rat anti-DAT 

(1:500, Abcam), goat anti-GIRK2 (1:200, 

Abcam), mouse anti-Calbindin (1:500, 

Swant), rabbit anti-PITX3 (1:200, 

Millipore), rabbit anti-DDC (1:25, Thermo 

Scientific), rabbit anti-PAX6 (1:300, 

Covance), mouse anti-PAX6 (1:200, 

DSHB), mouse anti-Synaptophysin (1:50 

Abcam), rabbit anti PSD-95 (1:300, 

Invitrogen), mouse anti-MAP2 (1:200, 

Millipore), mouse anti-CNPase (1:200, 

Abcam), rat anti-MBP (1:200, Abcam) and 

mouse anti-O4 (1:400, Sigma). After 

incubation with the primary antibodies, 

sections were washed three times in 0.01 % 

Triton X-100 and blocked for 30 min at RT 

on a shaker, followed by incubation with 

the secondary antibodies in 0.01 % Triton 

X-100 (1:1000). All secondary antibodies 

(Invitrogen) were conjugated to Alexa 

Fluor fluorochromes.  

For whole mount stainings, whole 

organoids were blocked and permeabilized 

with 10% normal goat serum, 0.1% Triton 

X-100 in PBS at RT overnight. The primary 

antibodies were diluted in 3% normal goat 

serum and 0.1% Triton X-100 in PBS at the 

following dilutions: mouse anti-TUJ1 

(1:600, Covance) and rabbit anti-TH 

(1:1000, Abcam) and incubated on a shaker 

for 3 days at 4°C. After incubation with the 

primary antibodies, the whole mounts were 

washed three times with PBS for 1h and 

incubated with the secondary antibodies 

diluted in 3% normal goat serum and 0.1% 

Triton X-100 in PBS and incubated on a 

shaker for 2 days at 4°C.  

Dopamine was detected using a 

STAINperfect Immunostaining Kit 

(ImmuSmol) according to manufacturer’s 

protocol. Prior to fixation, the organoids 

were treated with DMEM-F12 (Invitrogen) 

containing 0.18 % Papain (Sigma), 0.04 % 

EDTA (Sigma) and 0.04 % L-Cystein 

(Sigma) at 37 °C under dynamic conditions 

until the Matrigel disappeared (2-3 h). 

Afterwards, agarose sections were 

performed as described previously. 

Sections were co-stained with rabbit anti-

Dopamine (ImmuSmol), chicken anti-TH 

(1:1000, Abcam), mouse anti-MAP2 

primary antibody (1:200, Millipore) and 
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nuclei were counterstained with Hoechst 

33342 (Invitrogen). Sections were mounted 

in Fluoromount-G mounting medium 

(Southern Biotech) and analyzed with a 

confocal laser scanning microscope (Zeiss 

LSM 710). Images were further processed 

with Zen Software (Zeiss) and ImageJ.  

For quantification studies, positive cells of 

two independently generated organoid 

cultures of four cell lines were counted and 

normalized to Hoechst+ cells. For SOX2 

and KI67 quantifications, a total of 3549 

Hoechst+ cells (day 27) and 3309 Hoechst+ 

cells (day 61) was counted. For 

quantification of TUJ1-positive neurites 

that were ensheathed by oligodendrocytes 

as well as of pre- and postsynaptic particles, 

microscopy fields of outer regions of 

independently generated organoid cultures 

of four cell lines were chosen and further 

preprocessed by using ImageJ. After 

creating masks, image calculator was used 

to quantify the overlay area of TUJ-1 and 

MBP positive staining, whereas the tool 

particle analysis was used to quantify pre- 

and postsynapses.  

Three-dimensional surface reconstructions 

of confocal z-stacks were created using 

Imaris software (Bitplane). The asymmetric 

distribution of mDNs was assessed based 

on fluorescence intensities with the ImageJ 

Interactive 3D surface plot plugin. 

 

Quantitative real-time PCR 

Total RNA was isolated from 61 days-old 

organoids. Typically, five organoids were 

pooled for one isolation. For dissociation, 

the organoids were snap frozen in liquid 

nitrogen and afterwards lysed with 1 ml 

QIAzol lysis reagent (Qiagen), passed 

through a needle three times and 

homogenized with QIAshredder columns 

(Qiagen). For the RNA isolation, 200 µl 

Chloroform were added to the QIAzol cell 

lysate. After an incubation of 5 min at 4 °C, 

the samples were centrifuged at 1500 xg at 

4 °C for 5 min. The aqueous phase was 

collected and mixed with an equal volume 

of isopropyl alcohol, followed by an 

incubation o/n at -80 °C. Afterwards the 

samples were centrifuged at 12.000 xg, 

4 °C for 30 min and washed 2x with 70 % 

Ethanol, centrifuging at 5000 xg, 4 °C for 

15 min. The dry pellet was dissolved in 

H2O and heated for 10 min at 60 °C. DNA 

was eliminated using the DNAse I 

amplification grade endonuclease (Sigma). 

Subsequently, isolated RNA was reverse-

transcribed following the protocol of the 

High Capacity RNA to DNA Kit (Thermo 

Fisher Scientific). Quantitative real-time 

polymerase chain reactions (qRT–PCRs) 

were conducted for four independent 

maintenance and organoid cultures (20 

organoids, n=4) with the Taqman® Gene 

Expression Master Mix (Applied 

Biosystems) and the following Taqman® 

probes: TH (Hs00165941_m1), DAT 

(Hs00997374_m1), and DDC 

(Hs01105048_m1). Amplification of 1 µg 

cDNA was performed in an AriaMx Real-

time PCR System (Agilent Technologies) 

as follows: An initial AmpliTaq Gold 

activation step, 10 min at 95 °C, 40 cycles 

of denaturation for 15 s at 95 °C and 

annealing for 1 min at 60 °C. The 

expression levels were normalized relative 

to the expression of the housekeeping gene 

GAPDH using the comparative Ct–method 

2−ΔΔCt. To evaluate the expression patterns 

of midbrain organoids, the values were 

compared to the expression levels of 

hNESCs, which were set to 1. Statistical 

significance was calculated using the 

Mann–Whitney test. 

Fontana Masson staining 

The midbrain organoids were fixed in 4 % 

PFA overnight at RT, washed 3x in PBS for 

1 h, dehydrated in 30 % Sucrose o/n and 

cryosections were performed using a 

Cryostat (Leica) to a thickness of 10 µm. 

The sections were stained with a Fontana-

Masson staining kit (Abcam). As a negative 

control, 13 days old organoids kept under 

maintenance conditions were used. Human 

post mortem substantia nigra sections 

served as a positive control. 
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Evaluation of electrophysiological activity 

Calcium imaging and multielectrode array 

(MEA) recording was used to analyze the 

spontaneous activity of organoids at day 

50-52 (6 Organoids, n=3) and day 82-84 

(16 Organoids, n=4), respectively. For 

calcium imaging, a concentration of 5 µM 

cell permeant Fluo-4 AM (Life 

Technologies) in a neurobasal medium was 

added to the well and incubated for 45 min 

at 37 °C on an orbital shaker. Fluorescent 

images were acquired using a live cell 

spinning disk confocal microscope (Zeiss) 

equipped with a CMOS camera (Orca Flash 

4.0, Hamamatsu). Calcium time-series were 

acquired at 5 Hz for approximately 2 min 

and stored as single images. These images 

were analyzed using the ADINA toolbox 

(Diego et al., 2013), which is publicly 

available software that has been developed 

to automatically segment individual cell 

bodies and separate the overlapping ones. 

Fluorescent traces, expressed as relative 

changes in the fluorescence intensity 

(∆F/F), were then measured for segmented 

cell bodies. In order to quantify the 

percentage of active neurons, we wrote a 

custom MATLAB script for automated 

batch analysis of a set of calcium time-

series of organoids. 

MEA recording was conducted using the 

Maestro system from Axion BioSystems. A 

48-well MEA plate containing a 16-

electrode array per well was precoated with 

0.1 mg/ml poly-D-lysine hydrobromide 

(Sigma-Aldrich) and subsequently coated 

with 10 µg/ml laminin (Sigma-Aldrich) for 

1 h at RT. Midbrain organoids were placed 

onto the array after day 82-84. A coverslip 

was placed on top to ensure the contact of 

the free floating organoid with the 

electrodes. Spontaneous activity was 

recorded at a sampling rate of 12.5 kHz for 

10 min for up to five days at 37 °C in 

neuronal maturation media. Using Axion 

Integrated Studio (AxIS 2.1), a Butterworth 

band pass filter with 200-3000 Hz cutoff 

frequency and a threshold of 6 x SD were 

set to minimize both false-positives and 

missed detections. The Neural Metric Tool 

(Axion BioSystems) was used to analyze 

the spike raster plots. Electrodes with an 

average of ≥5 spikes/min were defined as 

active. The spike count files generated from 

the recordings were used to calculate the 

number of spikes/active 

electrode/measurement. Further details 

regarding the MEA system were previously 

described (Bardy et al., 2015). Quinpirole 

(5 µM, Sigma Aldrich) was applied to 16 

midbrain organoids (n=4) and spontaneous 

firing was subsequently recorded every 

30 min for 10 min.  

 

Other supplemental data 

Movie S1: Calcium time series of an hMO 

at day 52. Image stacks were acquired at a 

frequency of 5 Hz for approximately 2 

min. The movie is displayed in 

pseudocolor (lookup table in Image J). 

'Cool' colors (blue/green) indicate low 

fluorescence intensity, 'warm' colors 

(yellow/red) indicate high fluorescence 

intensity. 
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6.1 Preface

Standard in vitro models for studying the pathophysiology of human neurons are

usually based on pure cultures of neurons, either isolated from neuronal tissue or

derived from PSCs, and cultivated under 2D conditions. These monolayers have

been proven as useful tools to research disease mechanisms and to identify neuro-

protective compounds (Nguyen et al. 2011; Cooper et al. 2012; Sánchez-Danés et al.

2012; Reinhardt, Schmid et al. 2013; Spathis et al. 2017). However, a downside of

these cultures is that they cannot recapitulate relevant physiological features of the

human brain, like cytoarchitecture and cell–cell interactions. This might cause in-

effectiveness in clinical trials of compounds that have been only verified in neuronal

monocultures (Abe-Fukasawa et al. 2018). The establishment of stem cell–derived

brain organoids enabled to resemble key aspects of the human brain development in

vitro, and thus provide a platform for advanced drug screening (Kelava et al. 2016a;

Di Lullo et al. 2017). To gain more insights about the specific features of hMOs

and thereby evaluating their application for potential drug discovery, we investig-

ated the presence of neuronal subtypes and their electrophysiological activity. We

demonstrated that hMOs exhibit neuronal functional properties during the course

of differentiation and contain dopaminergic, GABAergic, glutamatergic, and sero-

tonergic neurons.

With this detailed characterisation of hMOs, we demonstrated the presence of a pro-

gressive maturation of heterogenous, post–mitotic neuronal cell populations, which

are functionally interconnected. Thus, this advanced 3D model, recapitulating com-

plex interactions of mDANs with other cells of the central nervous system (CNS),

might be able to give novel insights about pathomechanisms of multifactorial dis-

eases, like PD.

This publication is the result of my PhD studies. I derived the midbrain floor plate

neural precursor cell (mfNPC) lines and generated all hMOs analysed in this manu-

script. S. Bolognin elaborated the MATLAB scripts for the high–content image

analysis. The experimental part of the single–cell RNA sequencing (scRNA–seq)

was performed by K. Grzyb. S. Magni performed and evaluated the computa-

tional analysis of the scRNA–seq data, which can be found in Figure 1C–F and

Figure 2C–F. Apart from these mentioned exceptions, I designed and conducted the

experiments, prepared the figures and wrote the original manuscript.
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Abstract 

Human stem cell-derived organoids have great potential for modelling physiological and 
pathological processes. They recapitulate in vitro the organisation and function of a respective 
organ or part of an organ. Human midbrain organoids (hMOs) have been described to contain 
midbrain-specific dopaminergic neurons that release the neurotransmitter dopamine. However, 
the human midbrain contains also additional neuronal cell types, which are functionally 
interacting with each other. Here, we analysed hMOs at high-resolution by means of single-cell 
RNA-sequencing (scRNA-seq), imaging and electrophysiology to unravel cell heterogeneity. 
Our findings demonstrate that hMOs show essential neuronal functional properties as 
spontaneous electrophysiological activity of different neuronal subtypes, including 
dopaminergic, GABAergic, and glutamatergic neurons. Recapitulating these in vivo features 
makes hMOs an excellent tool for in vitro disease phenotyping and drug discovery. 
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Introduction 

Current in vitro approaches to model 
physiology and pathology of human 
neurons are mainly based on pure cultures 
of neurons grown under 2D conditions. It 
has been shown that the differentiation 
potential of human induced pluripotent 
stem cells (iPSCs) provides a unique source 
of different neural cell types (Takahashi and 
Yamanaka, 2006). Until now, many 
protocols for generating iPSC-derived 
neural cultures have been described. The 
resulting cell culture monolayers have been 
proven as useful tools to study disease 
mechanisms and to identify potential 
neuroprotective compounds (Nguyen et al., 
2011; Cooper et al., 2012; Sánchez-Danés 
et al., 2012; Reinhardt et al., 2013b; Ryan et 
al., 2013, Spathis et al., 2017). However, 
these culture conditions do not recapitulate 
several characteristics, which are relevant to 
the human brain, like cyto-architecture or 
complex cell-cell interactions. This may 
result in inaccurate modelling of the human 
brain (patho-)physiology with the 
consequence that candidate compounds 
might prove efficacy in 2D in vitro studies 
but are ineffective in clinical trials or vice 
versa (Abe-Fukasawa et al., 2018). The 
recent establishment of new 3D neuronal 
cell culture models has contributed to 
mimic key aspects of human brain 
development (Lancaster et al., 2013; Tieng 
et al., 2014; Muguruma et al., 2015; Jo et 
al., 2016; Qian et al., 2016; Monzel et al., 
2017). Studies using human cerebral brain 
organoids have shown the acquisition of 
neuronal maturity and network activity 
(Quadrato et al., 2017; Matsui et al., 2018). 
Their complex, multicellular architecture 
enables the study of neuronal diseases and 
has already led to novel insights on e.g. Zika 
virus-induced microcephaly (Ming et al., 
2016; Qian et al., 2017). Besides this unique 
in vitro disease modelling potential, human 
brain organoids provide a platform for 
advanced drug screening (Kelava and 
Lancaster, 2016; Di Lullo and Kriegstein, 
2017). In this study, we focused on a 
detailed characterisation of the different 

neuronal subtypes in human midbrain-
specific organoids (hMOs). With single-cell 
transcriptome analysis, we examined the 
presence of different neuronal subtypes, and 
subsequently studied the effect of chemical 
compounds on the electrophysiological 
activity of the neuronal network. Our 
findings demonstrate that hMOs contain, 
beside dopaminergic neurons, other 
neuronal subtypes including GABAergic, 
glutamatergic, and serotonergic neurons. 
hMOs showed essential neuronal functional 
properties during the course of 
differentiation, like synapse formation and 
spontaneous electrophysiological activity. 
These features indicate that hMOs 
recapitulate specific characteristics of 
functional human midbrain tissue, thus 
making them a valuable resource for in vitro 
disease modelling and drug discovery. 
 
Material and Methods 
 
Ethics Statement 
Written informed consent was obtained 
from all individuals who donated samples to 
this study and the here conduced work was 
approved by the responsible ethics 
commissions. The cell lines used in this 
study are summarised in Table 1. 
 
Pluripotent Stem Cell culture 
hiPSC lines were provided by Bill Skarnes, 
Wellcome Trust Sanger Institute (iPSC 
Bill), Alstem (iPS15, derived from human 
peripheral blood mononuclear cells, 
episomal reprogrammed) or previously 
described in Reinhard et alia (Reinhardt et 
al., 2013b). The cells were cultured on 
Matrigel-coated (Corning, hESC-qualified 
matrix) plates, maintained in Essential 8 
medium (Thermo Fisher Scientific) and 
cultured with and split 1:6 to 1:8 every four 
to five days using Accutase (Sigma). 10 µM 
ROCK inhibitor (Y-27632, Abcam) was 
added to the media for 24 h following 
splitting.  
 
Derivation of midbrain floorplate neural 
progenitor cells 
The derivation and maintenance of 
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midbrain floorplate neural progenitor cells 
(mfNPCs), has been described previously 
(Smits et al., 2019). 
In brief, embryoid bodies (EBs) were 
formed with 2,000 iPSCs each, using 
AggreWell 400 (Stemcell Technologies). 
The cells were cultured in Knockout 
DMEM (Invitrogen) with 20 % Knockout 
Serum Replacement (Invitrogen), 100 µM 
beta-mercaptoethanol (Gibco), 1 % 
nonessential amino acids (NEAA, 
Invitrogen), 1 % 
penicillin/streptomycin/glutamine 
(Invitrogen), freshly supplemented with 
10 µM SB-431542 (SB, Ascent Scientific), 
250 nM LDN-193189 (LDN, Sigma), 3 µM 
CHIR99021 (CHIR, Axon Medchem), 
0.5 µM SAG (Merck), and 5 µM ROCK 
inhibitor (Sigma). After 24 h, EBs were 
transferred to a non-treated tissue culture 
plate (Corning). On day two, medium was 
replaced with N2B27 medium consists of 
DMEM-F12 (Invitrogen)/Neurobasal 
(Invitrogen) 50:50 with 1:200 N2 
supplement (Invitrogen), 1:100 B27 
supplement lacking vitamin A (Invitrogen) 
with 1 % 
penicillin/streptomycin/glutamine, 
supplemented with 10 µM SB, 250 nM 
LDN, 3 µM CHIR, 0.5 µM SAG. On day 
four and six, medium was exchanged with 
the same but including 200 µM ascorbic 
acid (AA, Sigma). On day eight, EBs with 
neuroepithelial outgrowth were triturated 
into smaller pieces and diluted in a 1:10 
ratio. For following passages, 1x TrypLE 
Select Enzyme (Gibco)/0.5mM EDTA 
(Invitrogen) in 1x PBS was used and 10,000 
to 20,000 cells per 96-well ultra-low 
attachment plate (round bottom, Corning) 
were seeded. The cells were always kept 
under 3D culture conditions and from 
passage 1 on cultured in N2B27 medium 
freshly supplemented with 2.5 µM SB, 
100 nM LDN, 3 µM CHIR, 200 µM AA, 
and 0.5 µM SAG. After every cell split the 
ultra-low attachment plate was centrifuged 
for 3 min at 200 xg to assure the 
aggregation of single cells at the bottom of 
the well. Additionally, 5 µM ROCK 
inhibitor was added. The cells were split 

every 7 to 14 days and the medium was 
changed every third day. After four to five 
passages, mfNPCs were used as a starting 
population for hMOs. 
 
Generation of midbrain-specific 
organoids 
To start the generation of hMOs, 3,000 cells 
per well were seeded to an ultra-low 
attachment 96-well round bottom plate, 
centrifuged for 3 min at 200 xg and kept 
under maintenance conditions for seven 
days. LDN and SB were withdrawn of 
mfNPC expansion medium and after three 
additional days, the concentration of CHIR 
was reduced to 0.7 µM. On day nine of 
differentiation, medium was changed to 
neuronal maturation N2B27 medium 
including 10 ng/ml BDNF (Peprotech), 
10 ng/ml GDNF (Peprotech), 200 µM AA 
(Sigma), 500 µM dbcAMP (Sigma), 
1 ng/ml TGF-β3 (Peprotech), 2.5 ng/ml 
ActivinA (Life Technologies) and 10 µM 
DAPT (Cayman). The organoids were kept 
under static culture conditions with media 
changes every third day for 35 or 70 days. 
Detailed information about the generation 
of hMOs has been published recently (Smits 
et al., 2019). 
 
Immunofluorescence 
hMOs were fixed with 4 % PFA overnight 
at 4 °C and washed 3x with PBS for 15 min. 
After treatment, they were embedded in 3-
4 % low-melting point agarose in PBS. The 
solid agarose block was sectioned with a 
vibratome (Leica VT1000s) into 50 µm 
sections. The sections were blocked on a 
shaker with 0.5 % Triton X-100, 0.1 % 
sodium azide, 0.1 % sodium citrate, 2 % 
BSA and 5 % normal goat or donkey serum 
in PBS for 90 min at RT. Primary 
antibodies were diluted in the same solution 
but with only 0.1 % Triton X-100 and were 
applied for 48 h at 4 °C.  
After incubation with the primary 
antibodies (Table 2), sections were washed 
3x with PBS and subsequently blocked for 
30 min at RT on a shaker. Then sections 
were incubated with the secondary 
antibodies in 0.05 % Tween-20 in PBS for 
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two hours at RT and washed with 0.05 % 
Tween-20 in PBS and Milli-Q water before 
they were mounted in Fluoromount-G 
mounting medium (Southern Biotech).  
STAINperfect Immunostaining Kit 
(ImmuSmol) was used according to 
manufacturer's protocol to detect dopamine, 
serotonin, GABA and L-glutamine. Nuclei 
were counterstained with Hoechst 33342 
(Invitrogen).  
For qualitative analysis, three randomly 
selected fields per organoid section were 
acquired with a confocal laser scanning 
microscope (Zeiss LSM 710) and images 
were further processed with OMERO 
Software. Three-dimensional surface 
reconstructions of confocal z-stacks were 
created using Imaris software (Bitplane).  
 
Quantitative Image analysis 
Immunofluorescence 3D images of hMOs 
were analysed in Matlab (Version 2017b, 
Mathworks). The in-house developed 
image analysis algorithms automate the 
segmentation of nuclei, astrocytes and 
neurons with structure-specific feature 
extraction. The image preprocessing for the 
segmentation of nuclei was computed by 
convolving the raw Hoechst channel with a 
gaussian filter. By selecting a pixel 
threshold to identify apoptotic cells, a 
pyknotic nuclei mask was identified and 
subtracted from the nuclei mask. 
For the segmentation of neurons, a median 
filter was applied to the raw TUJ1 channels. 
The expression levels were expressed in 
two ways: i) positive pixel of the marker, 
normalised by the pixel count of Hoechst; 
ii) cells positive for a marker expressed as a 
percentage of the total number of cells. In 
this latter case, the nuclei were segmented 
and a watershed function was applied. 
Considering the high cell density of the 
specimens, steps to ensure high quality in 
the segmentation process were 
implemented and structure with a size 
higher than 10,000 pixels were removed 
(this indicated incorrected segmentation 
e.g. clumps). In the nuclei successfully 
segmented as a single element, a 
perinuclear zone was identified. In case the 

marker of interest was positive in at least 
1 % of the perinuclear area, the 
corresponding cell was considered as 
positive. 
 
Single-cell RNA-sequencing using 
Droplet-Sequencing (Drop-Seq) 
scRNA-seq data were generated using the 
Droplet-Sequencing (Drop-Seq) technique 
(Macosko et al., 2015) as described 
previously (Walter, 2019). In this work, we 
performed scRNA-seq of hMOs derived 
from hiPSC line H4 (see Table 1). For each 
time point, 35 d and 70 d after 
dopaminergic differentiation, we pooled 
and analysed 30 hMOs each. 
 
Pre-processing of the digital expression 
matrices from scRNA-seq 
The result of the Drop-Seq scRNA-seq 
pipeline and subsequent bioinformatics 
processing is a digital expression matrix 
(DEM) representing the number of mRNA 
molecules captured per gene per droplet. 
Here, we obtained two DEMs, one 
corresponding to 35 d hMOs and the other 
to 70 d hMOs. After quality cut based on 
knee plots, we retained for each sample 500 
cells with the highest number of total 
transcripts measured and performed 
normalisation of the DEM separately. 
Finally, the two DEMs were merged for the 
comparison analysis of the two time points 
based on 24,976 expressed genes in 1,000 
cells. The data was analysed by our 
customized Python analysis pipeline  
(version 3.6.0, with anaconda version 4.3.1) 
including dimensionality reduction by t-
distributed stochastic neighbourhood 
embedding (t-SNE) (van der Maarten and 
Hinton 2008) and differentially gene 
expression analysis. 
 
Analysis of DEGs from scRNA-seq data 
To determine, which and how many genes 
were differentially expressed between 35 d 
and 70 d hMOs, we applied one-way 
ANOVA test, a one-way ANOVA test on 
ranks (Kruskal-Wallis test), and a Mutual 
Information based test. The minimum p-
value obtained for each gene across these 
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three tests was retained and statistical 
significance was set to p < 0.01 after 
Bonferroni correction for differentially 
expressed genes (DEG). 
 
Cumulative gene expressions from 
scRNA-seq data 
From literature, we extracted cell-type 
specific gene lists (Table 3) for stem cells, 
neurons, and neuronal subtypes 
(dopaminergic, glutamatergic, GABAergic 
and serotonergic neurons) (Reinhardt et al., 
2013a; La Manno et al., 2016; Cho et al., 
2017). Note, that not all genes listed therein 
have been measured in our dataset, these 
were highlighted in Table 3.  
For each list we defined a score, which we 
refer to as cumulative gene expression, 
computed as the sum of the corresponding 
genes from normalized DEM for each cell. 
Since the expression levels were measured 
at single cell level, we can consider the cells 
distributions across the cumulative genes 
expression scores (Figure 1D and 
Figure 2A). These histograms exhibit the 
cumulative gene expression scores 
normalised to their maxima on the 
horizontal axis. Thus, on the horizontal 
axis, a value of 1 corresponds to the 
maximal cumulative gene expression for 
one list of genes, while 0 corresponds to no 
expression of any genes from that list. The 
vertical axis exhibits the number of cells 
falling into the corresponding bin of the 
histogram. In each subpanel the 
distributions for day 35 and for day 70 are 
shown. Population differences were 
assessed by Z-test of the means with 
Bonferroni correction. 
 
Gene-gene correlations from scRNA-seq 
data 
From the scRNA-seq data we also 
computed gene-gene Pearson correlation 
coefficients for stemness- and neuron-
specific genes. Analysis was performed 
independently for the two samples (35d DA 
dif and 70d DA dif) resulting in two 
correlation matrices (Figure 1E). 
In the lower triangular matrix all correlation 
values are shown, whereas the upper 

triangular matrix only statistical significant 
correlations (p-value < 0.05 after 
Bonferroni correction). For visual clarity, 
diagonal elements and not detected genes 
were excluded. 
 
Fold changes of gene expression from 
scRNA-seq data 
For individual genes, we considered the 
normalized gene expression across the cell 
populations. For each selected gene, we 
compared its expression within the 35 d 
cells with the one within the 70 d cells by 
computing the logarithmic fold change 
(log2FC). We performed this analysis for 
the neuron specific genes (Figure 1F) and 
neuronal subtypes including glutamatergic 
neurons, GABAergic neurons, and 
dopaminergic neurons (Figure 2B-D) where 
negative values indicate that a gene is less 
expressed at day 35 than at day 70 and 
positive numbers the opposite. p-value are 
based on Z-test with Bonferroni correction 
and significance levels correspond to * = p-
value < 0.05, ** = p-value < 0.01, *** = p-
value < 0.001, **** = p-value < 0.0001. 
Error bars represent SEM based on the 
individual sample average and error 
propagation. 
 
TEM Morphology 
63 day old hMO specimens were 
immersion-fixed in a solution of 2 % PFA 
and 2.5 % glutaraldehyde in 0.1 M sodium 
cacodylate buffer (pH 7.4, Electron 
Microscopy Sciences, Hatfield, PA) for 3 h, 
rinsed several times in cacodylate buffer 
and further post-fixed in 2 % 
glutaraldehyde in 0.1 M sodium cacodylate 
buffer for 2 h at room temperature on a 
gentle rotator; fixative was allowed to 
infiltrate an additional 48 h at 4 °C. 
Specimens were rinsed several times in 
cacodylate buffer, post-fixed in 1.0 % 
osmium tetroxide for 1 h at room 
temperature and rinsed several times in 
cacodylate buffer. Samples were then 
dehydrated through a graded series of 
ethanols to 100 % and dehydrated briefly in 
100 % propylene oxide. Tissue was then 
allowed to pre-infiltrate 2 h in a 2:1 mix of 
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propylene oxide and Eponate resin (Ted 
Pella, Redding, CA), then transferred into a 
1:1 mix of propylene oxide and Eponate 
resin and allowed to infiltrate overnight on 
a gentle rotator. The following day, 
specimens were transferred into a 2:1 mix 
of Eponate resin and propylene oxide for a 
minimum of 2 h, allowed to infiltrate in 
fresh 100 % Eponate resin for several hours, 
and embedded in fresh 100 % Eponate in 
flat molds; polymerization occurred within 
24-48 h at 60 °C. Thin (70 nm) sections 
were cut using a Leica EM UC7 
ultramicrotome, collected onto formvar-
coated grids, stained with uranyl acetate and 
Reynold’s lead citrate and examined in a 
JEOL JEM 1011 transmission electron 
microscope at 80 kV. Images were 
collected using an AMT digital imaging 
system with proprietary image capture 
software (Advanced Microscopy 
Techniques, Danvers, MA). 
 
Microelectrode array  
The Maestro microelectrode array (MEA, 
Axion BioSystems) platform was used to 
record spontaneous activity of the hMOs. A 
48-well MEA plate containing a 16-
electrode array per well was precoated with 
0.1 mg/ml poly-D-lysine hydrobromide 
(Sigma-Aldrich). 60-70 days old organoids 
of two different passages were briefly 
treated for 5 min with 1X TrypLE Select 
Enzyme, resuspend in 10 µg/ml laminin 
(Sigma-Aldrich) and placed as a droplet 
onto the array. After 1 h incubation, 
neuronal maturation media was added and 
cells were cultured for 1-2 weeks. 
Spontaneous activity was recorded at a 
sampling rate of 12.5 kHz for 5 min at 
37 °C over several days. Axion Integrated 
Studio (AxIS 2.1) was used to assay 
creation and analysis. A Butterworth band 
pass filter with 200-3000 Hz cutoff 
frequency and a threshold of 6x SD were set 
to minimise both false-positives and missed 
detections. The spike raster plots were 
analysed using the Neural Metric Tool 
(Axion BioSystems). Electrodes with an 
average of ≥5 spikes/min were defined as 
active, for the pharmacological treatment 24 

electrodes were analysed. The organoids 
were consecutively treated with Gabazine, 
D-AP-5, NBQX (Cayman Chemical, end 
concentration: 50 mM each), and 
Quinpirole (Sigma Aldrich, end 
concentration: 5µM). To block all neuronal 
activity and thus verify spontaneous spiking 
activity of the cells, tetrodotoxin (TTX, 
Cayman Chemical, 1 µM) was applied at 
the end. The spike count files generated 
from the recordings were used to calculate 
the number of spikes/active 
electrode/minute. Further details regarding 
the MEA system were previously described 
(Bardy et al., 2015).  
 
Statistical analyses 
If not stated otherwise, experiments were 
performed with three independently 
generated organoid cultures from three 
different cell lines (n=9). Gaussian 
distribution was evaluated by performing 
D'Agostino & Pearson omnibus normality 
test. In case the data were normally 
distributed, Grubbs' test was performed to 
detect significant outliers. Unpaired t-test 
with Welch’s correction or nonparametric 
Kolmogorov-Smirnov test were performed 
to evaluate statistical significance. Data are 
presented as mean ±SEM. The statistical 
analyses of scRNA-seq data are described 
in the corresponding sections. 
 

Results 

Characterisation of the neuronal 
differentiation dynamics in midbrain-
specific organoids  
Previously, we demonstrated that human 
iPSC-derived midbrain floor plate neural 
progenitor cells (mfNPCs) can give rise to 3D 
human organoids that contain high amounts 
of dopaminergic neurons (Smits et al., 2019). 
To have a better insight into the dynamics of 
the neuronal differentiation, we evaluated 
TUJ1 staining, as a marker for neuronal 
differentiation, at two time-points during the 
differentiation of hMOs (Figure 1A). An in-
house developed image analysis algorithm 
was used to segment Hoechst positive nuclei 
and TUJ1 positive neurons to create specific 
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nuclear and neuronal masks. These masks 
contain all positive pixel counts for Hoechst 
and TUJ1, respectively. 
The TUJ1 signal normalised to the Hoechst 
signal significantly increased after 70 days 
compared to 35 days, demonstrating a 
progressive differentiation into post-mitotic 
neurons. Whereas, the nuclear marker signal 
was significantly decreased at 70 days 
compared to 35 days, which might indicate 
selection in the cell population, as reported by 
Suzanne and Steller (2013) (Figure 1B). 
Along with these findings, we observed that 
the size of the organoids significantly 
increased during the course of the 
differentiation. This suggests that the 
increased TUJ1 volume and organoid size are 
due to the increased tissue complexity (e.g. 
neuronal arborisation) within the hMO 
(Figure 1B).  
To further characterise the neuronal 
differentiation dynamics at the gene 
expression level, we performed scRNA-seq 
on samples from the two time-points 
mentioned above. The experiments were 
conducted using the Drop-Seq technique 
(Macosko et al., 2015), and the standard 
bioinformatics processing of the data resulted 
in two sample specific digital expression 
matrices (DEM), which were further 
normalised and merged (see Methods 
section).  
To visualise the so-obtained high-
dimensional single-cell data, we performed 
dimensionality reduction of the DEM by t-
distributed stochastic neighbourhood 
embedding (t-SNE) (van der Maarten and 
Hinton 2008) where each dot corresponds to 
a cell (Figure 1C). This distribution shows 
that cells originating from organoids at 35 
days and 70 days only partially cluster 
together (left panel in Figure 1C). This 
underlines that there are remarkable 
differences in the overall gene expression 
between the samples at days 35 and 70. The 
distribution of the cumulative gene 
expression (right panel in Figure 1C) shows 
that the neuronal gene expression is increased 
in a large fraction of the cells suggesting that 
this fraction of cells may not represent mature 
neurons.  

To determine the differences in neuron-
specific cumulative gene expression over 
time, we plotted the distributions of cells 
across the cumulative gene expression scores 
(Figure 1D). Here, we used the scores 
obtained from the lists of precursor cell-
specific genes (indicated as “stemness 
genes”) and those of neurons. While the 
distributions of cells across the cumulative 
gene expression for precursors is very similar 
between day 35 and 70 (upper panel), we 
observed a significant difference between the 
distributions of cells across the neuronal 
cumulative gene expression (lower panel). 
Cells at 35 days tend to express the neuron-
specific genes significantly more than cells at 
70 days.  
To further investigate how the differentiation 
of precursor cells into neurons evolves over 
time, we computed the gene-gene correlation 
for the genes of the neuron-specific list and 
of the stemness-specific list, altogether. 
Comparing these two lists, we found that at 
35 days there are low values of correlation 
between genes exclusively specific for 
neurons or stem cells and also between 
neuron- and stemness-specific genes 
(Figure 1E, left heatmap). Very few of the 
correlation values are significantly different 
from zero and were substituted by zeros in the 
upper triangular matrix (Figure 1E, left 
heatmap). While correlations between 
stemness genes and neuron-stemness 
correlations remain similar at day 70 to day 
35, correlations between neuron-specific 
genes increased considerably at day 70. This 
significant increase of neuron-specific gene 
correlations indicates a higher commitment 
of the cells towards the neuronal fate at day 
70 compared to day 35 and supports the 
finding of a progressive maturation of post-
mitotic neurons (Figure 1E).  
Next, we wanted to elucidate which 
individual genes contribute to the differences 
between the gene expression of cells at day 
35 and cells at day 70. For this purpose, we 
performed an analysis of differentially 
expressed genes (DEGs) across the whole 
transcriptome. From the 24,976 distinct 
transcripts measured, 1,311 were 
significantly differentially expressed 
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between day 35 and 70 (approximately 5 % 
of all genes expressed, p-value < 0.01 after 
Bonferroni correction, see Supplementary 
Table 1). When intersecting the list of DEGs 
with the stemness-specific genes, we found 
that approximately 30 % of the stemness-
specific genes are DEGs (see Table 4). 
Similarly, 42 % (corresponding to 11 genes) 
of the neuron-specific genes are differentially 
expressed (Table 3 and 4). Hence, the 
percentages of DEGs within the neuron-
specific and stemness-specific lists are 
remarkably higher than the percentage of 
DEGs across the whole transcriptome. These 
notable changes further indicates the 
induction of the neuronal differentiation and 
progressive maturation. 
Next, we focused on individual neuron-
specific genes and compared their expression 
over time. For each gene we computed the 
log2 fold-change between the average 
expression at day 35 and day 70 (Figure 1F). 
Consistent with the findings shown in 
Figure 1D, the majority of genes were 
significantly higher expressed at day 35 than 
at day 70 based on Z-test analysis corrected 
for multiple hypotheses testing. Interestingly, 
among the genes expressed at day 35 we 
found genes that are involved in neurogenesis 
(EBF3 (Garcia-Dominguez et al., 2003)), 
neuronal migration and differentiation 
(L1CAM (Patzke et al., 2016)), whereas 
genes expressed at day 70 reflect more 
specific subpopulations of neurons, like 
GABAergic neurons (DLX1, CALB2 (Al-
Jaberi et al., 2015)) in agreement with the 
separate DEG analysis across the whole 
transcriptome (see Table 4).  

Midbrain-specific organoids consist of 
different neuronal subtypes  
From previous studies we know that hMOs 
are rich in dopaminergic neurons (Jo et al., 
2016; Qian et al., 2016; Monzel et al., 2017; 
Smits et al., 2019; Kim et al., 2019). We 
wanted to further explore which other 
neuronal subtypes develop besides midbrain 
dopaminergic neurons within the hMOs.  
Therefore, we investigated the expression of 
genes typical for dopaminergic, 
glutamatergic, GABAergic, and serotonergic 

neurons by analysing the scRNA-seq data. 
We plotted the distributions of cells across 
the cumulative gene expression scores, which 
were obtained from the lists of genes specific 
of a neuronal subtype (Figure 2A). While the 
cell distribution over cumulative expression 
score for GABAergic neurons was very 
similar between the samples at 35 days and 
70 days (Figure 2A, third panel), we detected 
statistically significant differences between 
the distributions of cells over scores for the 
other three types of neurons. The expression 
of the selected genes for the glutamatergic 
and dopaminergic neurons was increased at 
day 35 compared to day 70, which is 
consistent with the observations for the 
neuron specific score (Figure 1D). 
Interestingly, we discovered that the vast 
majority, approximately more than 700 of the 
1000 cells, lacks completely expression of 
genes specific for serotonergic neurons 
(Figure 2C, fourth panel). Thus, we 
disregarded this neuronal subtype in the 
subsequent analyses and focused next on 
individual genes specific of dopaminergic, 
glutamatergic, and GABAergic neurons, by 
computing the log2 fold-change between the 
average gene expression at day 35 and at day 
70 (Figure 2B-D). In each of the three lists, 
the majority of the genes for which a 
statistically significant difference is present 
are actually more expressed at 35 days than 
at 70 days, consistently with the findings of 
Figure 2A.  
When intersecting the list of 1,311 DEGs 
across the whole transcriptome with the lists 
of dopaminergic, glutamatergic and 
GABAergic neurons, we found that 42 %, 
34 %, and 17 % of the genes were DEGs 
within these lists, respectively (see 
Supplementary Table 1 and Table 4). Again, 
all of these percentages are considerably 
higher than the 5 % of DEGs across the 
whole transcriptome indicating that neuronal 
subtypes specific genes, in particular 
dopaminergic and glutamatergic, are highly 
represented within DEGs during hMO 
development. 
Lastly, to verify the presence of the addressed 
neuronal subtypes we conducted an 
immunohistochemistry staining for the 
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respective neurotransmitters. This allowed us 
to robustly detect dopaminergic, 
glutamatergic and GABAergic neurons as 
well as even a few serotonergic neurons 
within hMOs (Figure 2E). 

Midbrain-specific organoids express 
synaptic proteins         
After identifying the presence of neurons and 
even specific neuronal subtypes on 
transcriptome expression levels by means of 
neurotransmitter staining and scRNA-seq, we 
investigated the actual interaction among the 
neuronal cells within the hMOs. We 
previously showed that hMOs synthesise and 
release the neurotransmitter dopamine (Smits 
et al., 2019). This already suggests the 
establishment of a functional neuronal 
network. The basic requirement for neuronal 
network formation is the development of 
synapses. Hence, we evaluated the presence 
of synaptic connections using the presynaptic 
marker SYNAPTOPHYSIN and the 
postsynaptic marker PSD95 in organoid 
sections after 70 days of culture (Figure 3A). 
Both proteins were detectable in a puncta-like 
organisation, which is expected for synapses. 
With a subsequent 3D surface reconstruction, 
we observed that the signals for 
SYNAPTOPHYSIN and PSD95 were 
localised in close proximity, forming pre- and 
postsynaptic puncta (Figure 3B). To further 
investigate whether actual functional 
synaptic connections were formed in the 
hMOs, we used a transmission electron 
microscopy (TEM) approach (Figure 3C). 
EM micrographs show excitatory synapses 
characterised by electron dense post-synaptic 
density proteins (full arrow) and pre-synaptic 
synapse (asterisks) loaded with synaptic 
vesicles.  

 
Midbrain-specific organoids develop 
GABAergic, glutamatergic and 
dopaminergic electrophysiological activity  
Non-invasive multielectrode array (MEA) 
measurements can give insights into 
physiological properties, like the generation 
of spontaneous neuronal activity of in vitro 
cultured and self-organised networks 

(Luhmann et al., 2016). As the assessment 
of neuronal activity is important to evaluate 
the functional maturation, we tested the 
spontaneous electrophysiological activity 
of hMOs by MEA measurements (Odawara 
et al., 2016). We measured extracellular 
field potentials, which are generated by 
action potentials. At days 50-60 of 
differentiation, hMOs were seeded in 48-
well tissue culture MEA plates on a grid of 
16 electrodes (Figure 4A and B). After 10-
20 days of culturing, we recorded 
spontaneous activity, on several electrodes, 
over several days, in the form of mono- and 
biphasic spikes (Figure 4Aii). To 
investigate which neuronal subtypes were 
functionally active in the hMOs, we applied 
specific drugs following a previously 
reported experimental design (Illes et al., 
2014). We recorded spiking patterns from 
24 active electrodes: in Figure 4C and D 
representative recordings of one electrode 
are displayed. After treating the organoids 
with gabazine, a GABAA receptor 
antagonist, we detected an increase of 
spontaneous spiking (22.5 % increase, 
Figure 4Dii). Following the gabazine-
induced disinhibition, we applied the 
AMPA/Kainate-receptor antagonist NBQX 
and the NMDA-receptor antagonist D-AP-
5. The inhibition of the excitatory neurons 
resulted in a 28.1 % decrease of 
spontaneous activity (Figure 4Diii). After 
the inhibition of GABAergic and 
glutamatergic neurons in the hMOs, we 
added the D2/D3 receptor agonist 
quinpirole (Figure 4C and Div), which 
resulted in a 47.8 % decrease of neuronal 
activity. Confirming the findings displayed 
in Figure 2, we conclude from these 
experiments that hMOs contain functional 
GABAergic, glutamatergic and 
dopaminergic neurons.  
 

 

Discussion 

The in vitro human brain organoid 
technology has become a valuable tool 
allowing advances in the field of basic 
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research as well as in translational 
applications (Fatehullah et al., 2016). 
Organoids specifically modelling the human 
midbrain hold great promise for studying 
human development and for modelling 
Parkinson’s disease (PD) (Jo et al., 2016; 
Monzel et al., 2017; Kim et al., 2019; Smits 
et al., 2019). In contrast to 2D monolayer 
cultures, hMOs can recapitulate complex 
interactions of midbrain dopaminergic 
neurons with other cell types of the central 
nervous system (CNS) in a 3D environment. 
However, human midbrain brain organoid 
research has so far focused mainly on 
dopaminergic neurons. In a detailed study of 
Borroto-Escuela et al. (2018) it has been 
described that released dopamine can diffuse 
into synaptic regions of glutamate and GABA 
synapses and directly affect other striatal cell 
types possessing dopamine receptors. 
Furthermore, substantia nigra dopaminergic 
neurons are directly controlled by 
GABAergic input (Tepper and Lee, 2007). 
Evidences from these studies suggest that the 
presence of other neuronal subtypes is 
important to model multifactorial disease like 
PD. In our study, we have demonstrated that 
the derivation of hMOs leads to functional 
neuronal networks, containing different 
neuronal subtypes of the human midbrain. 
Single-cell transcriptomic data from hMOs 
demonstrated that there is an increased 
expression of neuronal-specific genes in 35 
days compared to 70 days old hMOs. On the 
other hand, the gene-gene correlations 
between only neuron-specific genes 
increased considerably at day 70, suggesting 
an increased commitment of cells towards the 
neuronal cell fate during the course of the 
organoid development. This further supports 
the finding of a progressive  maturation of 
post-mitotic neurons (Figure 1D and E). The 
identification of these neuron-specific genes 
revealed that the genes upregulated at the 
earlier time point are relevant in the process 
of neurogenesis and neuronal migration and 
differentiation (EBF3 (Garcia-Dominguez et 
al., 2003), L1CAM (Patzke et al., 2016)). 
Whereas the upregulated genes at the later 
time point have been for instance implicated 
in subpopulations like GABAergic neurons 

(DLX1, CALB2 (Al-Jaberi et al., 2015)). 
(Figure 1F). This indicates a higher 
commitment of the cells toward their 
intended fate and a progressive maturation of 
the post-mitotic neurons within the hMOs. 
Furthermore, single-cell analysis of the 
hMOs also proved the presence of specific 
neuronal subtypes, like dopaminergic, 
glutamatergic and GABAergic neurons. 
While the scRNA-seq data were not fully 
conclusive concerning serotonergic neurons, 
a staining approach allowed to detect at least 
some of these neurons (Figure 2). Supporting 
the findings of currently published midbrain-
specific organoid models (Jo et al., 2016; 
Qian et al., 2016; Monzel et al., 2017; Smits 
et al., 2019), we detected a significant 
upregulation of tyrosine hydroxylase (TH) 
within the cell population of 70 days old 
hMOs compared to 35 days old hMOs. The 
activity of neurons and their different 
receptors can be analysed by the specific 
response to chemical compounds. It has been 
shown that quinpirole, a specific D2/D3 
receptor agonist, suppresses the firing in 
hMOs (Jo et al., 2016; Monzel et al., 2017). 
In addition to the previously reported 
analyses in hMOs, we blocked inhibitory and 
excitatory communication, to further isolate 
and attribute the recorded signals to neuronal 
subtypes. Gabazine induces a disinhibition of 
GABAergic neurons, whereas NMDA-
receptor and AMPA/Kainate-receptor 
antagonists inhibit glutamatergic excitatory 
communication (Illes et al., 2014). Together 
with the characteristic hallmarks of synapse 
formation (Figure 3A-C) and the previous 
findings of dopamine release (Smits et al., 
2019), these data confirm the presence of 
functional dopamine receptors in 
dopaminergic neurons as well as functional 
GABAergic and glutamatergic neurons 
within hMOs. As neurons do not exist in 
isolation in the CNS but form functional 
networks with other neurons and non-
neuronal cells, it is important to expand our 
research of neurodegenerative diseases using 
3D models that are able to recapitulate cell 
autonomous as well as non-cell autonomous 
aspects. Utilising 3D cell culture models that 
comprise a variety of neuronal subtypes 
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could lead to new insights into the selective 
vulnerabilities, which are observed in 
neurodegeneration. Indeed, evidence 
suggests that specific regulation of the 
excitability of dopaminergic neurons by other 
neuronal subtypes in the midbrain might 
explain their selective vulnerability in PD 
(Korotkova et al., 2004). This underlines the 
importance and the enormous potential for 
future disease modelling of the here 
described hMO model, as it contains 
functionally connected heterogeneous 
neuronal cell populations.  
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Tables 
 
 

Table 1 
cell 

lines 
Derivation 
conditions Gender Age at 

sampling 
Geno-
type Source hiPSC ID Figure 

H1 3D Female 81 WT Reinhardt et al., 
2013 2.0.0.10.1.0 1A, B C, 2A, 

B, C 

H2 3D Male n.a WT Alstem (iPS15) 2.0.0.33.0.0 1A, B C, 2A, 
B, C 

H3 3D Female n.a. WT 
Wellcome Trust 
Sanger Institute 
(Bill Skarnes) 

2.0.0.19.0.0 1A, B C, 2A, 
B, C, 3A 

H4 3D Female cord 
blood WT Gibco (A13777) 2.0.0.15.0.0 3A, B, C, D 

 
Table 1: Cell lines used in this study to generate mfNPCs and midbrain-specific organoids. 
Human mfNPCs were derived under 2D conditions from human iPSCs of different origin. 
hMOs were generated as described in the experimental procedures section.  
 
 
 

Table 2 
Antibody Species Source Ref.-No. Dilution 
Dopamine rabbit ImmuSmol IS1005 1:500 
GABA chicken ImmuSmol IS1036 1:500 
L-Glutamate rabbit ImmuSmol IS018 1:500 
MAP2 mouse Millipore MAB3418 1:1000 
PSD-95 rabbit Invitrogen 51-6900 1:300 
SYP mouse Abcam ab8049 1:50 
TUJ1 mouse BioLegend 801201  1:600 
TUJ1 rabbit Covance PRB-435P-0100 1:600 
TUJ1 chicken Millipore AB9354 1:600 

 
Table 2: Antibodies used in this study. 
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Table 3 

Stemness Neuronal Dopaminergic Glutamatergic GABAergic Serotonergic 
SOX2 BCL11A NR4A2 SLC1A1 GAD1 SLC6A4 
PAX6 CACNA2D2 PBX1 SLC1A2 GAD2 SLC18A2 
HES5 CALB2 GRIA3 SLC1A3 GABARAP TPH1 
ASCL1 CD274 TH SLC17A6 GABARAPL1 TPH2 
SOX1 CELF4 EN1 SLC17A7 GABARAPL2 FEV 
PAX3 CLSTN2 TMCC3 GLS GABARAPL3 HTR1D 
DACH1 DLX1 NTM GLS2 ABAT HTR1DP1 
LMO3 DPYSL5 DDC GRIN1  HTR1E 
NR2F1 DYNC1I1 CAMK2N1 GRIN2A  HTR1F 
PLAGL1 EBF3 ALDH1A1 GRIN2B  HTR2A 
LIX1 FOSL2 APP GRIN2C  HTR2A-AS1 
HOXA2 ISLR2 PDZRN4 GRIN2D  HTR2B 
FOXA2 L1CAM PCDH10 GRIN3A  HTR2C 
IRX3 MEG3 MEG3 GRIN3B  HTR3A 
 NHLH2 ERBB4 GRINA  HTR3B 
 NPAS4 SLC10A4 GRIA1  HTR3D 
 NPY BEX5 GRIA2  HTR4 
 NXPH4 FOXA2 GRIA3  HTR5A 
 RELN NPY1R GRIA4  HTR5A-AS1 
 RGMB GPC2   HTR5BP 
 SLC17A6 KCNJ6   HTR7P1 
 SLC32A1 LMX1B   HTRA1 
 SST    HTRA2 
 STMN2    HTRA3 
 SYNGR3    HTRA4 
 SYT4     
 TMEM130     
 VGF     
 VSTM2L     

Table 3: Gene lists used in this study. Genes that were not detected in the transcriptome are 
emphasised in italics. 
 

Table 4 
Stemness Neuronal Dopaminergic Glutamatergic GABAergic Serotonergic 
ASCL1 CALB2 APP GRIA2 GAD2 HTRA1 
FOXA2 CELF4 EN1 GRIN2A  SLC18A24 
LMO3 CLSTN2 FOXA2 GRIN2B   
SOX2 DLX1 GPC2 SLC17A6   
 DPYSL5 NTM SLC1A2   
 EBF3 PCDH10 SLC1A3   
 FOSL2 PDZRN4    
 SLC17A6 TH    
 SST     
 STMN2     
 VSTM2L     

Table 4: List of differentially expressed genes. 
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Figures 

 

Figure 1: Identification of neuronal population in midbrain-specific organoids. (A) 
Immunohistological staining of TUJ1 expressing neurons in 35 d organoid sections (50 µm 
thickness, scale bar 100 µm). (B) The ratio of TUJ1 positive pixels normalised against Hoechst 
(35 d n=59, 70 d n=48). Quantification of Hoechst positive pixel (35 d n=22, 70 d n=29). 
Average size of four different organoid lines. Whiskers present minimum and maximum (35 d 
n=21, 70 d n=44). Data presented as mean ±SEM. (C) Dimensionality reduction of the scRNA-
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seq data by tSNE underlies differences in gene expression between the samples at day 35 and 
day 70. Each dot corresponds to a cell. In the left panel, colours are used to indicate cells from 
the two time points. In the right panel, the colour scale indicates the score (cumulative gene 
expression) corresponding to neuron-specific genes for each cell. (D) Distributions (histograms) 
of cells across the cumulative gene expression scores, obtained from lists of genes specific for 
precursor cells (stemness genes) or neurons (stemness genes). (E) Gene-gene correlation 
matrices, for genes at day 35 on the left, and day 70 on the right. (F) Log2 fold-changes between 
day 35 and day 70 in gene expression for individual genes corresponding to the lists for neuron-
specific genes. 

 

 

 

Figure 2: Neuronal subtypes in midbrain-specific organoids. (A) Distributions (histograms) 
of cells across the cumulative gene expression scores, obtained from the lists of genes specific 
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for the main neuronal subtypes present in the organoids, namely dopaminergic, glutamatergic, 
GABAergic, and serotonergic neurons. (B-D) Log2 fold-changes between day 35 and day 70 in 
gene expression for individual genes corresponding to the lists of genes typical of the neuronal 
subtypes: (B) dopaminergic neurons, (C) glutamatergic neurons, and (D) GABAergic neurons. 
(E) Immunohistological staining of 70 d organoid sections (50 µm thickness). Detection of the 
neurotransmitters dopamine, L-glutamine, GABA, and serotonin. Scale bar is 20 µm. 

 

 

 

Figure 3: Midbrain-specific organoids express synaptic proteins. (A) Immunostaining of pre- 
and the postsynaptic markers at day 70. Dashed lines indicate the region of magnification. Scale 
bar is 50 µm. (B) 3D surface reconstructions of confocal z-stacks of an organoid at day 70 of 
differentiation. Scale bar is 10 µm. (C) Representative electron micrographs of synaptic terminals 
from 63 d organoids. Scale bar is 500 nm. 
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Figure 4: Electrophysiological activity in midbrain-specific organoids. (A) Representative 
scheme of positioned midbrain organoid on a 16-electrode array in a 48-well tissue culture plate 
(i). Examples of mono- and biphasic spikes detected by individual electrodes of a multielectrode 
array (MEA) system (ii). (B) Representative image of midbrain organoid positioned on a 16-
electrode array in a 48-well tissue culture plate. Scale bar is 350 µm. (C-D) Evaluation of the 
spontaneous activity by addressing inhibitory (blue) and excitatory (green) neurotransmitter 
receptors using multielectrode array (MEA) system. (C) Representative raw data traces show the 
effect of Quinpirole in absence of inhibitory and excitatory synaptic communication. (D) 
Representative spike raster plots demonstrate effects of applied compounds. 

62
Chapter 6 Original article: Single-cell transcriptomics reveals multiple neuronal

cell types in human midbrain organoids



CHAPTER 7

Original article: Modeling Parkinson's disease in midbrain–like

organoids

This article has been published in the npj Parkinson's Disease journal.

63



64
Chapter 7 Original article: Modeling Parkinson's disease in midbrain–like

organoids

7.1 Preface

The study of 3D cell culture models enables to bridge the gap between traditional

2D in vitro experiments and in vivo animal models (Xu, Jiao et al. 2018). There-

fore, it offers an opportunity to better understand complex biology, for instance

brain development, where conventional models have not proven successful. The

so–called brain organoid technology provides a physiologically relevant context, like

interactions between glia cells and neurons in a spatially organised microenviron-

ment, which holds great potential for its application in modelling neurological dis-

eases (Lee et al. 2017; Di Lullo et al. 2017). Here, we describe the derivation of

hMOs that resemble key features of the human midbrain, like electrophysiologically

functional mDANs producing and secreting DA. To investigate PD–relevant pa-

thomechanisms, we derived hMOs from PD patients carrying the LRRK2–G2019S

mutation and compared them to healthy control hMOs. Additionally to a reduced

number and complexity of mDANs, we determined via automated high–content

image analysis a significant increase of the stem cell marker FOXA2 in the patient–

derived hMOs. This suggests a neurodevelopmental defect induced by a PD–specific

mutation and emphasises the importance of advanced 3D stem cell–based in vitro

models. The here described hMOs are suitable to reveal PD–relevant phenotypes,

thus constitute as a powerful tool for human–specific in vitro disease modelling of

neurological disorders.

This publication is the result of my PhD studies. I derived mfNPCs from hiPSCs

under 3D conditions and generated all hMOs analysed in this manuscript. I designed

and conducted the experiments that are shown in Figure 1 and 2 and Supplemen-

tary Figure 3) apart from the electrophysiological analyses that have been performed

and evaluated by the above mentioned collaborators from Bolzano. Furthermore,

A. Monzel supported the design of 3D experiments and performed Fontana Mas-

son stainings. S. Bolognin and P. Antony elaborated the MATLAB scripts for

the high–content image analysis. The initial conceptualisation and derivation of

the mfNPC protocol as well as the detailed characterisation of these cells under

2D conditions was performed by the above mentioned collaborators from Dresden

and Münster. They conducted microarray profiling of mfNPCs under maintenance

conditions (Supplementary Figure 1), quantification of 2D mDAN differentiation ef-

ficiency by flow cytometry and analysis of electrophysiological functions via patch–

clamp recordings (Supplementary Figure 2).
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Modeling Parkinson’s disease in midbrain-like organoids
Lisa M. Smits 1, Lydia Reinhardt2,3, Peter Reinhardt2,3,6, Michael Glatza2,3, Anna S. Monzel1, Nancy Stanslowsky4,
Marcelo D. Rosato-Siri 5, Alessandra Zanon5, Paul M. Antony1, Jessica Bellmann2, Sarah M. Nicklas1, Kathrin Hemmer1, Xiaobing Qing1,
Emanuel Berger1, Norman Kalmbach4, Marc Ehrlich3, Silvia Bolognin1, Andrew A. Hicks5, Florian Wegner4, Jared L. Sterneckert2,3 and
Jens C. Schwamborn 1

Modeling Parkinson’s disease (PD) using advanced experimental in vitro models is a powerful tool to study disease mechanisms
and to elucidate unexplored aspects of this neurodegenerative disorder. Here, we demonstrate that three-dimensional (3D)
differentiation of expandable midbrain floor plate neural progenitor cells (mfNPCs) leads to organoids that resemble key features of
the human midbrain. These organoids are composed of midbrain dopaminergic neurons (mDANs), which produce and secrete
dopamine. Midbrain-specific organoids derived from PD patients carrying the LRRK2-G2019S mutation recapitulate disease-relevant
phenotypes. Automated high-content image analysis shows a decrease in the number and complexity of mDANs in LRRK2-G2019S
compared to control organoids. The floor plate marker FOXA2, required for mDAN generation, increases in PD patient-derived
midbrain organoids, suggesting a neurodevelopmental defect in mDANs expressing LRRK2-G2019S. Thus, we provide a robust
method to reproducibly generate 3D human midbrain organoids containing mDANs to investigate PD-relevant patho-mechanisms.

npj Parkinson’s Disease             (2019) 5:5 ; https://doi.org/10.1038/s41531-019-0078-4

INTRODUCTION
The current in vitro disease modeling approaches are typically
conducted with cultures of neurons grown under two-dimensional
(2D) conditions. However, 2D cultures neglect physiologically
relevant characteristics like the interaction between glia cells and
neurons in a spatially organized microenvironment. Recently, a
new class of 3D in vitro models has been developed to
compensate for this deficit, the so-called organoids. The complex
3D structure of organoids consists of multiple region-specific cell
types, which allow studying functional interactions1–8. Therefore,
organoids represent a promising tool to model cell autonomous
and non-cell autonomous aspects of neurodegenerative diseases
on an organ-like level in contrast to individual neuronal subtypes
in 2D. In this study, we used a chemically defined derivation of
midbrain floor plate neural progenitor cells (mfNPCs), which can
be efficiently differentiated into 2D midbrain dopaminergic
neurons (mDANs) and 3D human midbrain-specific organoids
(hMOs). To investigate Parkinson’s disease (PD)-relevant patho-
mechanisms, we derived hMOs from PD patients carrying the
LRRK2-G2019S mutation. We demonstrated that these organoids
recapitulated key hallmarks of the pathology, such as reduced
amounts of mDANs. Furthermore, we detected an increase of
FOXA2 in patient-derived organoids compared to control orga-
noids. This pinpoints at an impaired mDAN specification during
hMO development. Thus, the generation of expandable mfNPCs
provides an efficient and reproducible method to rapidly generate
large quantities of functional mDANs suited for in vitro disease
modeling.

RESULTS
Generation of midbrain-specific organoids
Our objective was to generate 3D organoids that resembled the
complexity of the human midbrain. Based on previous findings9,
we first identified conditions that specifically promoted the
formation of induced pluripotent stem cell (iPSC)-derived mfNPCs
to generate a suitable starting population for the hMOs. The
inhibition of bone morphogenetic protein (BMP) and tumor
growth factor-β (TGFβ) signaling in combination with activation of
SHH and WNT signaling enabled the generation of expandable
neural stem cells (Supplementary Fig. 1a). Microarray profiling
demonstrated that midbrain floor plate markers were highly
expressed in these cells, in contrast to dorsal markers (IRX3, PAX3,
PAX6), which were strongly downregulated (Supplementary
Fig. 1b). Immunohistochemistry confirmed that these cells
maintained the expression of midbrain floor plate markers EN1
and FOXA2 over several passages (Supplementary Fig. 1d).
Differentiation efficiency of mfNPCs toward the dopaminergic
lineage was determined by flow cytometry. After 14 days of mDAN
differentiation, 59.94% (±10.6% SEM, mfNPC line P2-GC, n= 3)
TH-positive cells were measured. Cells expressed multiple markers
of mDAN fate and acquired essential functional electrophysiolo-
gical properties during their differentiation (Supplementary Fig. 2).
Therefore, mfNPCs represent an ideal starting population to
generate hMOs.
After initiating the neuronal patterning of mfNPCs, 3D cultures

were kept under differentiation conditions and were analyzed
after 35 and 70 days (Fig. 1 and Supplementary Fig. 3).
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High-content image analysis revealed that hMOs showed high
efficiency to form mDANs (62.38% ± 3.5% SEM TH-positive cells
after 35 days and 54.12% ± 5.8% SEM after 70 days of differentia-
tion, mfNPC line H3, n= 7, calculated as described in Supplemen-
tary Table 3). The markers TH, FOXA2, EN1, and LMX1A were
abundantly expressed (Fig. 1b, c and Supplementary Fig. 3b) and
we could also identify additional ventral and midbrain-specific
markers (Supplementary Fig. 3d). Additionally, pace making and
evoked firing activity was recorded in TH-positive cells by whole-
cell patch-clamp measurements (this was detected in 12 out of 26
neurons, Fig. 1d and Supplementary Fig. 3c). A mean frequency of
9 ± 2 Hz was detected, 81% of the cells displayed sodium currents

and 100% potassium currents. Immunofluorescence analysis
demonstrated that the dopaminergic nature of the recorded cell
(Supplementary Fig. 3d). Besides TH, bona fide mDANs are further
characterized by the expression of dopamine decarboxylase (DDC)
and the dopamine transporter (DAT). We identified neurons that
co-expressed TH/FOXA2/DAT as well as TH/DDC/DAT (Fig. 1e).
Occasionally, we detected the formation of neuromelanin inclu-
sions in older hMOs (>100 days of differentiation) (Fig. 1f). The
presence of dopamine in hMOs was subsequently confirmed by
immunostainings and enzyme-linked immunosorbent assay
(ELISA) (Fig. 1g, h). This indicates that mDANs in organoids are
functional and can produce and secrete dopamine.
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Disease modeling of PD patient-specific midbrain-specific
organoids
To assess the potential of mfNPC-derived hMOs for PD modeling,
organoids were generated from healthy control (H-lines)- and
from patient-specific iPSCs carrying the PD-associated LRRK2-
G2019S mutation (P-lines). Their respective isogenic controls were
also used in the study. The mutation was either introduced into
the healthy control lines (H-G2019S lines) or corrected in the
patient-specific lines (P-GC lines). mDANs were characterized after
10, 35, and 70 days of organoid differentiation with high-content
image analysis (Fig. 2). At the beginning of the differentiation,
hMOs from four different individuals (mfNPC line H3, H4, P2, and
P3) as well as the corresponding isogenic controls (mfNPC line H3-
G2019S, H4-G2019S, P2-GC, and P3-GC) developed similarly.
Taking into consideration all analyzed features (see Supplemen-
tary Table 3), the heatmap shows that differences between the
genotypes became evident when comparing hMOs at days 35 and
70 (Fig. 2b). For instance, healthy hMOs revealed a progressive
increase in the TH percentage over time (d10 vs. d35, d10 vs. d70,
H and H-G2019S), whereas patient-derived hMOs maintained
lower levels throughout differentiation (d10 vs. d35, d10 vs. d70, P
and P-GC). We detected a significant decrease of TH/FOXA2
double-positive signal in PD-derived compared to healthy control-
derived hMOs after 35 days of differentiation (Fig. 2a). Introduc-
tion of the mutation into the healthy background or the correction
of the mutation within the patient lines did not show the same
effect (Fig. 2c). However, after evaluating the complexity of the
dopaminergic neuronal network expressed as the number of
nodes (dendrite bifurcation points) and links (number of branch-
ing)10, we indeed identified a significant reduction of this
complexity in the patient-derived TH-positive neurons compared
to control mDANs (Fig. 2d). This phenotype was reproduced with
the introduction of the LRRK2-G2019S mutation in the healthy
background. Strikingly, we observed a significant increase of TH-
negative but FOXA2-positive progenitor cells in the patient-
specific hMOs (Fig. 2a, e). The same outcome became apparent
when comparing 35-day-old hMOs generated from P and P-GC
lines. This suggests that the disease-associated decrease in
mDANs in patient-specific hMOs might be caused by a
neurodevelopmental defect, leading to an altered specification
of mDANs.

DISCUSSION
Disease modeling and drug discovery in the field of PD require
enormous amounts of disease-relevant cells like mDANs that can
be produced in a rapid and reproducible way. Numerous
published protocols describe the generation of ventral mDANs

from human PSCs by replicating mDAN specification in vivo11–14.
Although current protocols are based on the generation of
LMX1A/FOXA2-positive midbrain floor plate progenitors, differ-
entiations starting from PSCs are time consuming and typically
result in cultures containing various neuronal identities12,13,15,16.
Here, we report an approach to efficiently differentiate mDANs
and hMOs by generating expandable mfNPCs. As neurons form
functional networks with other neurons and non-neuronal cells in
the brain, it is essential to expand our research of neurodegen-
erative diseases using 3D models that are able to reproduce these
interactions. So far, no phenotypes for PD have been shown in any
of the published human brain organoid models. Here, we provide
a proof-of-principle study that hMOs harboring the LRRK2-G2019S
mutation show PD-relevant phenotypes, including reduced
number and complexity of mDANs, which also occur in PD
patients’ brains17,18. Interestingly, we demonstrate a significant
increase of FOXA2-positive progenitor cells in the patient-specific
organoids. Since FOXA2 is required for the generation of mDANs,
we hypothesize that this might be a compensatory response to an
impaired specification of mDANs promoted by the mutated LRRK2
gene. Similar compensatory mechanisms have been described in
PD before19 and might represent an attempt to counteract
neurodevelopmental defects induced by PD-specific mutations.
While introducing also isogenic control hMOs in this study, we
could confirm that the introduction of the LRRK2-G2019S mutation
caused deleterious effects on the complexity of mDANs within a
healthy background. On the contrary, LRRK2-G2019S gene
correction within a PD patient background is not sufficient to
rescue this effect. This supports the hypothesis that the genetic
background of PD patients can influence the degeneration of
mDANs10. These findings show that mfNPCs and thereof derived
mDANs as well as 3D hMOs represent powerful new tools for
in vitro disease modeling. The patient-specific nature of these
models also opens promising avenues for future personalized
medicine approaches.

METHODS
Pluripotent stem cell culture and smNPC culture
The iPSCs used to derive neural progenitor cells were generated for and
described in the study of Reinhardt et al.9 and Qing et al.20 and listed in the
Supplementary Table 1. The cells were tested with the LookOut
Mycoplasma PCR Detection Kit (Sigma-Aldrich) to exclude mycoplasma
contamination. The cell line authentication via Sanger cell sequencing was
performed by Microsynth Seqlab in Göttingen, Germany.
The generation of small molecule neural precursor cells (smNPCs) is

described in detail in the study of Reinhardt et al.9

Fig. 1 Generation of midbrain-specific organoids. a Illustration of the conditions used to differentiate spherical midbrain floor plate neural
progenitor cells (mfNPCs) into human midbrain-specific organoids (hMOs). mfNPCs are stably expandable up to passage 15; day X indicates
the start of dopaminergic differentiation. SB= SB-431542, LDN= LDN-193189, SAG= sonic hedgehog agonist, BD= brain-derived
neurotrophic factor, GD= glial cell-derived neurotrophic factor. b Maximum intensity projection of midbrain dopaminergic neuron (mDAN)
markers TH and FOXA2 in 70-day-old hMO sections. Scale bar is 100 μm. hMOs derived from mfNPC lines H1–3 (image shows line H3). c
Immunohistological stainings of mDAN markers TH, FOXA2, EN1, and LMX1A in the center of hMO sections. Scale bar is 50 μm. hMOs derived
from mfNPC lines H1–3 (images shows line H2). d Bright-field image showing neurons obtained from three-dimensional (3D) culture of line H4
where a recorded cell is attached to the patch-clamp pipette tip (×10 magnification). Scale bar is 20 µm. Representative current-clamp trace of
the pace-making firing activity obtained from the recorded mDAN is shown. Experiment conducted with mfNPC lines H4, P2-GC, and P3-GC,
in total 26 cells have been recorded, 12 of these showed a similar pattern; representative images and traces of line H4. e Representative
immunohistological stainings of mDAN markers FOXA2, TH, dopamine decarboxylase (DDC), and dopamine transporter (DAT) at the edge of
an organoid. Scale bar is 20 μm. hMOs were derived from mfNPC lines H1–4 (images show lines H3 and H1). f Appearance of dark granules in
hMOs at day 255, derived from mfNPC line H1. Scale bar is 500 µm. Fontana-Masson staining reveals neuromelanin-like granules at the edge of
the organoid section after 100 days in culture, derived from mfNPCs line H4. Scale bar is 50 µm. g Representative immunohistological staining
of spherical maintenance mfNPCs and 70-day hMO sections (50 μm thickness, taken at the edge of a section) for TH and neurotransmitter
dopamine (DA). Scale bar is 50 μm. hMOs derived from mfNPC lines H1–3 (images show line H3). h Quantitative analysis of DA extracted from
the supernatant of mfNPCs and hMOs, *p < 0.05. The two time points analyzed in all the experiments were 35 and 70 days of differentiation.
Data are presented as mean ± SEM (mfNPC line H3, 4 different passages, n= 4)
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Derivation of mfNPCs
For generation of mfNPCs from pluripotent stem cells, iPSCs were split as
single cells and plated on feeder layers. Three to four days after splitting,
colonies were detached using 2mg/ml collagenase IV. Pieces of colonies
were collected by sedimentation and resuspended in N2B27 medium
supplemented with 10 µM SB-431542 (SB, Abcam), and 150 nM LDN-
193189 (LDN, Millipore) for neural induction, as well as 5 µM ROCK
inhibitor, 3 µM CHIR99021 (CHIR, Tocris), 200 µM ascorbic acid (AA, Sigma),
and 0.5 µM SAG (Cayman). Cells were cultured in Petri dishes to prevent
attachment. N2B27 medium consists of Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F12 (DMEM-F12) (Invitrogen)/Neurobasal (Invi-
trogen) 50:50 with 1:200 N2 supplement (Invitrogen), and 1:100
B27 supplement lacking vitamin A (Invitrogen) with 1% penicillin/
streptomycin/glutamine (Biochrome). The medium was exchanged on
days 2 and 4 with N2B27 medium supplemented with the same small
molecule supplements, but without ROCK inhibitor. On day 6, embryoid

bodies (EBs) showing neuroepithelial outgrowth without visible mesoder-
mal/endodermal differentiation were collected and triturated with a
1000 µl pipette into smaller pieces. Then, they were plated on Matrigel-
coated 12-well plates at a density of about 15–20 EBs per well in N2B27
medium supplemented with 10 µM SB, 150 nM LDN, 200 µM AA, 3 µM
CHIR, and 0.5 µM SAG. Two days after plating the EBs, the medium was
changed to mfNPC expansion medium (N2B27 medium with 2.5 µM SB,
100 nM LDN, 3 µM CHIR, 200 µM AA, and 0.5 µM SAG). The first split was
performed 2–4 days after plating. During the early passages, it is important
to keep the cells at high densities to increase survival. For the first split
seed 500,000 cells per 12-well in mfNPC expansion medium containing an
additional 5 µM ROCK inhibitor. In the next two passages, ~350,000 cells
per 12 well are seeded to keep high densities and increase cell survival. All
remaining splits are performed at a 1:5 to 1:10 ratio. After five passages,
cultures are almost free of contaminating non-neuronal progenitor cells.
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Fig. 2 Disease modeling of Parkinson’s disease (PD) patient-derived midbrain-specific organoids. a Representative maximum intensity
projection of TH-positive and FOXA2-positive cells in control and PD patient-specific human midbrain-specific organoids (hMOs) after 35 days
of differentiation. Scale bar is 50 µm, magnification from the center of the organoid, images taken from line H3 and P3. b Heatmap comprising
all features extracted by high-content automated image analysis. Dendrograms indicate clustering of genotypes and age (top) and features
(left) and were obtained using the clustergram function in Matlab. c–e Quantification of c TH and FOXA2 double-positive signal, d number of
nodes in the TH network, and e TH-negative, FOXA2-positive signal. Data are presented as mean ± SEM (and comprised of following numbers
of hMO sections: healthy hMOs H (midbrain floor plate neural progenitor cell (mfNPC) line H3 and H4): n= 26 (d10), n= 32 (d35), n= 38 (d70);
patient-derived hMOs P (mfNPC line P3 and P4): n= 23 (d10), n= 36 (d35), n= 31 (d70); isogenic control hMOs H-G2019S (mfNPC line H3-
G2019S and H4-G2019S): n= 18 (d10), n= 29 (d35), n= 28 (d70); isogenic control hMOs P-GC (mfNPC line P3-GC and P4-GC): n= 21 (d10), n=
38 (d35), n= 22 (d70)). Relevant statistical significances determined by two-way analysis of variance (ANOVA), Tukey’s multiple comparisons
test are indicated with asterisks: *p <0.05, ***p <0.001, ****p <0.0001 (complete statistical evaluation shown in Supplementary Table 4)
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To derive mfNPCs under 3D conditions, iPSCs were detached using
Accutase (Sigma) and collected in EB medium, consisting of knockout
DMEM (Invitrogen) with 20% knockout serum replacement (Invitrogen),
100 µM β-mercaptoethanol (Gibco), 1% nonessential amino acids (Invitro-
gen), 1% penicillin/streptomycin/glutamine (Invitrogen), freshly supple-
mented with 10 µM SB-431542 (SB, Ascent Scientific), 250 nM LDN-193189
(LDN, Sigma), 3 µM CHIR99021 (CHIR, Axon Medchem), 0.5 µM SAG (Merck),
and 5 µM ROCK inhibitor (Sigma). EBs were formed with 2,000 iPS cells
each, using AggreWell 400 (Stemcell Technologies). EBs were harvested in
EB medium without ROCK inhibitor after 24 h and transferred to a non-
treated tissue culture plate (Corning). On day 2, the medium was replaced
with N2B27 (as described above) supplemented with 10 µM SB, 250 nM
LDN, 3 µM CHIR, and 0.5 µM SAG. The medium was exchanged with the
same medium including 200 µM AA (Sigma) on days 4 and 6. On day 8, EBs
with neuroepithelial outgrowth were collected, triturated with a 1000 µl
pipette into smaller pieces, and transferred in a 1:10 ratio to an ultra-low
attachment 24-well plate (Corning). For the following passages, cells were
split with 1× TrypLE Select Enzyme (Gibco)/0.5 mM EDTA (Invitrogen) in 1×
phosphate-buffered saline (PBS) and 10,000 to 20,000 cells per 96-well
ultra-low attachment plate (round bottom, Corning) were seeded. The cells
were always kept under 3D culture conditions and from passage 1 on
cultured in N2B27 medium freshly supplemented with 2.5 µM SB, 100 nM
LDN, 3 µM CHIR, 200 µM AA, and 0.5 µM SAG. After four to five passages,
mfNPCs were used as a starting population for midbrain-specific
organoids.

Expansion of mfNPCs
mfNPCs were cultured on Matrigel-coated 12-well cell-culture plates
(Greiner). mfNPC expansion medium consisted of N2B27 freshly supple-
mented with SB, LDN, CHIR, SAG, and AA, with a medium change every
2 days. Typically, cells were split every 5 or 6 days at a ratio of 1:10 up to
1:15. For splitting, cells were digested into single cells for about 5 to 10min
at 37 °C with prewarmed Accutase (Sigma). Cells were diluted in DMEM
(Biochrome) with 0.1% bovine serum albumin (BSA) fraction V (Invitrogen)
for centrifugation at 200 × g for 5 min. The cell pellet was resuspended in
fresh mfNPC expansion medium and plated on Matrigel-coated cell culture
dishes. For coating, Matrigel was diluted to a final dilution of 1:100 in
knockout DMEM (Invitrogen) prior to coating 500 µl per well of a 12-well
plate overnight. Coated plates were wrapped with parafilm and kept in the
fridge for up to one month.
To perform splitting of the 3D cultured mfNPCs, spherical colonies were

collected and treated with 1× TrypLE Select Enzyme(Gibco)/0.5 mM EDTA
(Invitrogen) in 1× PBS for about 5 to 10min at 37 °C, followed by gentle
pipetting to generate single cells. After re-seeding 10,000 to 20,000 cells
per well of an ultra-low attachment, 96-well round bottom plate (Corning)
was centrifuged for 3 min at 200 × g to assure the aggregation of single
cells at the bottom of the well. Additionally, 5 µM ROCK inhibitor was
added to the medium after passaging the cells. The cells were split every 7
to 14 days and the medium was changed every third day. mfNPCs were
usually expanded from passages 5 to 15.

Differentiation of mfNPCs
For the differentiation into mDANs, 350,000 mfNPCs were seeded into a
12-well. Since SB and LDN are detrimental for differentiation, both small
molecules were left out when seeding the cells. mfNPC expansion medium
(without SB and LDN) was changed 2 days after seeding to N2B27 medium
with 0.5 µM SAG, 0.7 µM CHIR, and 200 µM AA. After 4 days of patterning,
maturation of the neurons was induced by changing the medium to
N2B27 medium with 10 ng/ml brain-derived neurotrophic factor (BDNF,
Peprotech), 10 ng/ml glial cell-derived neurotrophic factor (GDNF, Pepro-
tech), 200 µM AA, 500 µM dibutyryl camp (Sigma), 1 ng/ml TGF-β3
(Peprotech), and 2.5 ng/ml ActivinA (Peprotech). When cultures became
over-confluent during maturation, they were split into single cells using
Accutase, or as small clumps using a cell scraper. To increase the
maturation of differentiating cultures, the maturation medium was
supplemented with 5–10 µM dual antiplatelet therapy (DAPT) (Cayman).
Cultures were analyzed after 8–10 days under maturation conditions,
unless otherwise indicated.
To generate midbrain-specific organoids, 3,000 cells were seeded per

well to an ultra-low attachment 96-well round bottom plate and kept
under maintenance conditions for 7 days. To start the pre-patterning, LDN
and SB were withdrawn and after 3 additional days, the concentration of
CHIR was reduced to 0.7 µM similar to 2D culturing. On day 9 of

differentiation, the medium was changed to neuronal maturation medium
including 10 µM DAPT, as described above. The organoids were kept under
static culture conditions with media changes every third day for 10, 35, or
70 days.

Immunofluorescence staining
Cells were fixed for 20min with 4% paraformaldehyde (PFA, Electron
Microscopy Sciences) in PBS and washed twice with PBS (Lonza).
Permeabilization and blocking were performed simultaneously using
0.1% Triton X-100 (Sigma), 1% BSA (Sigma), and 10% fetal calf serum in
PBS for 45min. The cells were washed with 0.1% BSA in PBS, and the
primary antibodies were applied overnight at 4 °C in 0.1% BSA in PBS. The
next day, the cells were washed with 0.1% BSA in PBS and incubated with
secondary antibodies for 1 h at room temperature (RT). Finally, cells were
washed three times with 0.1% BSA in PBS-T (0.005% Tween-20), including a
Hoechst 33342 counterstaining for nuclei in the second washing step. Cells
were mounted using Vectashield (Vector Labs) and imaged on a Zeiss
PALM/Axiovert fluorescence microscope. When necessary, images were
merged using ImageJ and Adobe Photoshop.
The primary antibodies used in this study are summarized in

Supplementary Table 2. All secondary antibodies were obtained from
Invitrogen and were conjugated to Alexa Fluor fluorochromes. Immuno-
fluorescence staining for characterizing 2D-derived mfNPCs was performed
with the cell lines mfNPC H1, P1-GC, and P2-GC (see Supplementary
Table 1).
hMOs were fixed with 4% PFA overnight at 4 °C and washed three times

with PBS for 15min. After treatment, they were embedded in 3–4% low-
melting point agarose in PBS. The solid agarose block was sectioned with a
vibratome (Leica VT1000s) into 50 µm sections. The sections were blocked
on a shaker with 0.5% Triton X-100, 0.1% sodium azide, 0.1% sodium
citrate, 2% BSA, and 5% normal goat or donkey serum in PBS for 90min at
RT. Primary antibodies were diluted in the same solution but with only
0.1% Triton X-100 and were applied for 48 h at 4 °C.
After incubation with the primary antibodies (s. Supplementary Table 2),

sections were washed three times with PBS and subsequently blocked for
30min at RT on a shaker. Then, sections were incubated with the
secondary antibodies in 0.05% Tween-20 in PBS for 2 h at RT and washed
with 0.05% Tween-20 in PBS and Milli-Q water before they were mounted
in Fluoromount-G mounting medium (Southern Biotech).
STAINperfect Immunostaining Kit (ImmuSmol) was used according to

the manufacturer’s protocol to detect dopamine. Sections were co-stained
with chicken anti-TH primary antibody (Abcam), and nuclei were counter-
stained with Hoechst 33342 (Invitrogen).
For qualitative analyses, three randomly selected fields per organoid

section were acquired with a confocal laser scanning microscope (Zeiss
LSM 710) and images were further processed with the OMERO Software.
For these immunofluorescence stainings of 3D derived mfNPCs and hMOs,
the cell lines mfNPC H1, H2, H3, and H4 were used (see Supplementary
Table 1).

Flow cytometry
Flow cytometry analysis was performed to quantify the differentiation
efficiency of 2D mDAN cultures. To do so, we analyzed three
independently differentiated wells of mfNPC P2-GC of three consecutive
passages (n= 3) after 14 days of differentiation. In order to generate a
single-cell suspension, differentiated cultures were washed once with PBS
and subsequently dissociated at 37 °C using Accutase. Cells were further
dissociated by pipetting gently up and down as well as by filtering them
carefully through a 0.75 µm cell strainer. After centrifugation at 200 × g for
5 min, the cell pellet was resuspended in 2ml PBS and the same volume of
8% PFA in PBS was added dropwise to fix the cells for 10min at RT.
Subsequently, the same volume of 0.1% BSA in PBS was added to the
suspension. To remove the PFA, the cell suspension was centrifuged and
washed once with 0.1% BSA in PBS. The pellet was resuspended in in 0.1%
BSA in PBS and the suspension transferred into a 1.5 ml tube. After
centrifugation, the cell pellet was resuspended in permeabilization/
blocking solution (see section Immunofluorescence staining) and incu-
bated for 20min at RT. Permeabilization/blocking solution was withdrawn
by centrifugation and the resulting cell pellet was resuspended in primary
antibody solution. The incubation with the primary antibody rabbit anti-TH
(1:300, Santa Cruz) was performed under shaking conditions overnight at
4 °C. On the following day, cultures were washed once with 0.1% BSA in
PBS, and incubated with the secondary antibody for 1 h at RT. All
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secondary antibodies were obtained from Invitrogen and were conjugated
to Alexa Fluor fluorochromes. Finally, cells were washed twice with 0.1%
BSA in PBS-T (0.005% Tween-20), including a Hoechst 33342 counter-
staining for nuclei in the second washing step. After centrifugation, the
pellet was resuspended in FACS buffer (0.1% BSA in PBS). To set the gates
appropriately, we stained for each marker individually and included
samples that have been stained with Hoechst individually. Flow cytometry
was performed using BD LSRFortessa Cell Analyzer.

Image analysis
Immunofluorescence 3D images of hMOs were analyzed in Matlab (Version
2017b, Mathworks). The in-house developed image analysis algorithms
automate the segmentation of nuclei and neurons, with structure-specific
feature extraction (see Supplementary Table 3).
The image preprocessing for the segmentation of nuclei was computed

by convolving the raw Hoechst channel with a Gaussian filter. By selecting
a pixel threshold to identify apoptotic cells, a pyknotic nuclei mask was
identified and subtracted from the nuclei mask.
For the segmentation of dopaminergic neurons, a median filter was

applied to the raw TH channel to generate TH mask. A skeleton of the TH
mask was generated with a thinning function and was used to identify
nodes and links as total number of bifurcation points and total number of
linking elements, respectively. For SOX2, CC3, and FOXA2 masks, a median
filter was applied followed by a bwareaopen to remove all connected
components smaller than 100. SOX2 and FOXA2 masks were identified
within the nuclei masks of each image. The expression levels of the
mentioned markers were expressed in two ways: (i) positive pixel of the
marker, normalized by the pixel count of Hoechst; (ii) cells positive for a
marker expressed as a percentage of the total number of cells. In this latter
case, the nuclei were segmented and a watershed function was applied.
Considering the high cell density of the specimens, steps to ensure high
quality in the segmentation process were implemented and nuclei with a
size higher than 10,000 pixels were removed. In the nuclei successfully
segmented as a single element, a perinuclear zone was identified. In case
the marker or interest was positive in at least 1% of the perinuclear area,
that cell was considered positive.
For quantitative analyses of SOX2 and CC3 marker expression in hMOs,

mfNPC lines H1, H2, and H3 were used. With a confocal laser scanning
microscope (Zeiss LSM 710), three randomly selected fields per organoid
section were acquired of three different organoid derivations. In total 27
images per time point were analyzed with above-described image analysis
algorithms. To evaluate the TH signal, 21 field of hMOs derived of seven
consecutive passages of mfNPC H3 were acquired.
For the comparison of PD patient-derived and healthy hMOs, as well as

their isogenic controls, cell lines mfNPC H3, H3-G2019S, H4, H4-G2019S, P3,
P3-GC, P4, and P4-GC were used (see Supplementary Table 1). hMOs were
generated minimum five times per line from consecutive 3D mfNPC
cultures. The entire organoid sections of 50 µm thickness were acquired
with an Operetta High-Content Imaging System (Perkin -Elmer) and
analyzed with above-described image analysis algorithms.

Dopamine ELISA
Dopamine Research ELISA (LDN) was performed for the quantitative
determination of dopamine secreted by hMO cell line H3 (see
Supplementary Table 1). Supernatant of 12 hMOs per condition was
pooled, 200 µl was diluted 1:10 with a HCl buffer (0.01 N HCl, 4 mM
Na2O5S2, and 1mM EDTA), and snap frozen in liquid nitrogen. Samples
were selected from four independently generated hMO batches, and
differentiated from consecutive 3D mfNPC cultures. The ELISA was
performed according to the manufacturer’s instructions with 10 µl sample
volume.

Fontana–Masson staining
hMOs of line mfNPC H4 were fixed at day 100 in 4% PFA overnight at 4 °C
on a shaker, washed three times in PBS, and dehydrated in 30% sucrose
overnight until the organoid was entirely equilibrated with the sucrose
solution. Next, cryosectioning was performed using a Cryostat (Leica) to a
thickness of 10 µm. The sections were dried overnight and stained with a
Fontana–Masson Staining Kit (Abcam) according to the manufacturer’s
protocol. The sections were mounted in Entellan® rapid mounting medium
(Merck) and images were acquired using a stereomicroscope (Nikon
SMZ25).

Quantitative RT-PCR
For total RNA extraction of 3D cultured cells, typically 8 spherical mfNPC
colonies and 12 hMOs per line (mfNPC line H1–4, see Supplementary Table
1) were collected and snap frozen in liquid nitrogen. Afterwards, they were
lysed with 1ml QIAzol lysis reagent (Qiagen), homogenized first with a
needle, and then with QIAshredder columns (Qiagen). According to the
manufacturer’s instructions, RNeasy Mini Kit (Qiagen) as well as DNase I
Amplification Grade (Sigma-Aldrich) was used to isolate the RNA. After
conducting reverse transcription by following the protocol of the High
Capacity RNA to DNA Kit (Thermo Fisher Scientific), qRT-PCRs were
performed using TaqMan Gene Expression Master Mix (Thermo Scientific),
and the following Taqman® probes: RPL37A (Hs00902901_m1), FOXA2
(Hs00232764_m1), LMX1A (Hs00892663_m1), EN1 (Hs00154977_m1), and
TH (Hs00165941_m1). Amplification of 5 ng of original RNA was performed
in a LightCycler R480 (Roche) as follows: an initial denaturing step, 10 min
at 95 °C, 40 cycles of denaturation for 15 s at 95 °C, annealing for 30 s at
60 °C, and elongation for 30 s at 72 °C. The expression levels were
normalized relative to the expression of the housekeeping gene RPL37A
using the comparative Ct method 2−ΔΔCt. Expression patterns of hMOs
were compared to the expression levels of mfNPCs cultured under 3D
conditions, which were set to 1.

Whole-genome expression analysis
Microarray analysis was performed as described previously21. Briefly,
500 ng RNA of smNPCs and mfNPCs (cell lines P1-GC and P2-GC) were
processed using a linear amplification kit (Ambion), quality controlled on a
2100 Bioanalyzer (Agilent), and hybridized on Illumina human-12 V3
expression BeadChips. Background subtraction, normalization, and differ-
ential expression analysis were performed using BeadStudio. Here smNPCs
are used as a well-described9 neural progenitor cell line to which the
mfNPCs are compared.

Patch-clamp electrophysiology
mfNPC lines P1-GC and P2-GC were plated on Matrigel-coated 35-mm
culture dishes (Greiner) and differentiated as 2D cultures described above
for 2 or 4 weeks. Whole-cell patch-clamp recordings of neurons were
performed at 20–22 °C under optical control (Zeiss inverted microscope) as
reported previously22. The internal pipette solution consisted of 153mM
KCl, 1 mM MgCl2, 10 mM HEPES, 5 mM EGTA, and 2mM Mg-ATP, adjusted
to pH 7.3 with KOH (305mOsm). The external bath solution contained
142mM NaCl, 8 mM KCl, 1 mM CaCl2, 6 mM MgCl2, 10 mM glucose, and
10mM HEPES, adjusted to pH 7.4 with NaOH (325mOsm). Neuronal
recordings were low-pass filtered at 1–5 kHz, digitized at 10 kHz using an
EPC-10 amplifier (HEKA), and analyzed with Patch Master (HEKA).
hMO lines H4, P2-GC, and P3-GC were dissociated after 60–65 days in

culture using the NeuroCult™ Enzymatic Dissociation Kit for Adult CNS
Tissue (Stemcell Technologies) according to the manufacturer’s protocol
and patch-clamp recordings (n= 26) were carried out 5–15 days after
dissociation. Whole-cell recordings in voltage- and current-clamp modes
were performed in a temperature-controlled recording chamber (35–37 °C)
mounted on an inverted Eclipse-Ti microscope (Nikon, Tokyo, Japan) and
using a MultiClamp 700B amplifier (Molecular devices, LLC). Voltage- and
current-command protocols and data acquisition were performed using
the pClamp 10.0 software and the Digidata 1550 interface (Molecular
Devices, LLC). Data were low-pass filtered at 3 kHz and sampled at 10 kHz.
Patch electrodes, fabricated from thick borosilicate glass capillaries, were
made using a Sutter P-1000 puller (Sutter Instruments) to a final resistance
of 4–6MΩ when filled with the intracellular solution containing (in mM):
120 K-gluconate, 25 KCl, 10 EGTA, 10 HEPES, 1 CaCl2, 4 Mg-ATP, 2 Na-GTP,
and 4 Na2-phosphocreatine (pH 7.4, adjusted with KOH). Cells were
perfused with a Krebs solution containing (in mM): 129 NaCl, 5 KCl, 2 CaCl2,
1 MgCl2, 30 D-glucose, 25 HEPES, pH 7.3, with NaOH. Voltage-clamp
recordings (Vh=−60 mV) of evoked ionic currents were performed by
applying a voltage step protocol (from −60 to +60mV, 300ms of
duration). Spontaneous action potentials were recorded in a gap-free
mode, while the evoked firing activity was evaluated by applying long
steps at different current intensities (50 pA increments). Series resistance
was monitored during the experiments and recordings with changes over
20% of its starting value were discarded.
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Statistical analyses
2D experiments were performed with three different cell lines (mfNPC H1,
P1-GC, and P2-GC), which have been published previously9. All hMO
immunostainings and quantitative reverse transcription PCR experiments
were performed with three independently generated organoid cultures
from three to four different cell lines H1–4 (n= 9–12, see Supplementary
Table 1). The dopamine ELISA was conducted with four different passages
of mfNPC line H3 (n= 4). Gaussian distribution was evaluated by
performing D’Agostino and Pearson omnibus normality test. According
to this distribution, either a Grubbs’ test to detect significant outliers and
an unpaired t test with Welch’s correction was carried out or a
nonparametric Kolmogorov–Smirnov test was performed to evaluate
statistical significance.
The image analysis for PD phenotyping was conducted with several

passages of PD patient-derived and healthy hMOs, as well as their isogenic
controls (mfNPC line H3, H3-G2019S, H4, H4-G2019S, P3, P3-GC, P4, and P4-
GC, see Supplementary Table 1). A two-way analysis of variance and
Tukey’s multiple comparisons test was performed to evaluate statistical
significance (see Supplementary Table 4). Data are presented as mean ±
SEM.
All analyses were performed with multiple cell lines; in the figures always

a representative image looking similar to the images obtained from all
used lines is displayed.

Ethics statement
Informed consent was obtained from all individuals donating samples to
this study prior to the donation using a written form and protocol
previously approved by the institutional review board: Ethik-Kommission
der Medizinischen Fakultät am Universitätsklinikum Tübingen. In vitro
experiments were carried out with existing cell lines obtained from
previous studies. Cell lines used in this study are summarized in
Supplementary Table 1.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Supplementary Figures and Tables 

 

Supplementary Figure 1: Derivation of mfNPCs. (a) Schematic illustration of mfNPC 

derivation and expansion. SB = SB-431542, LDN = LDN-193189, SAG = sonic hedgehog 

agonist. (b) Microarray profiling displayed as a heatmap for selected markers of regional cell fate 

identity in small molecule neural precursor cells (smNPCs) and midbrain floor plate neural 

precursor cells (mfNPCs). (c) Immunostaining shows that mfNPCs lack PAX3 and PAX6, which 

are not expressed in the midbrain floor plate. Scale bar is 100 µm. (d) Immunofluorescence 

confirms that mfNPCs co-express FOXA2 and EN1, which are markers of the midbrain floor 

plate. Scale bar is 100 µm. Experiments were conducted with mfNPC lines H1, P1-GC, P2-GC, 

here representative images are shown for line P1-GC, which looked similar to the other cell lines. 
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Supplementary Figure 2: Differentiation potential of mfNPCs for mDANs. Where indicated, 

analyses were performed with multiple cell lines (details see below) and a representative image 

looking similar to the images obtained from all used lines, is displayed. (a) Schematic illustration 

of the conditions used to differentiate mfNPCs into mDANs under 2D conditions. BD = BDNF, 

GD = GDNF. (b) mfNPCs were differentiated for four days and immunostained for CORIN and 

OTX2, which are markers of mDAN progenitors. (c) Immunostaining for the midbrain 

dopaminergic markers EN1, FOXA2, and TH after 14 days of differentiation. Scale bars are 

100 µM. Stainings were performed with mfNPC lines H1, P1-GC, P2-GC, here representative 

images are shown for line P1-GC. (d) Patch-clamp recordings of voltage-gated ion currents, 

action potentials and synaptic activity of mfNPC-derived neurons after four weeks of 

differentiation indicate the development of essential functional properties during differentiation. 

(i) Representative voltage-gated sodium inward and potassium outward currents of a mfNPC-

derived neuron recorded in whole-cell voltage-clamp mode by stepwise depolarizations in 10 mV 

increments from a holding potential of -70 to 40 mV. (ii-iii) Ion currents normalized for cell sizes 

based on the capacitance of the cell membrane (pA/pF) after differentiation for two weeks (ii) 

and four weeks (iii). Data are presented as means ± SEM. (iv) Example of neuron firing repetitive 

action potentials upon depolarization in the current-clamp mode. (v) Some neurons were also 

able to spike single action potentials spontaneously (same cell as in i after four weeks of 

differentiation). (vi) Spontaneous synaptic activity of neurons with miniature postsynaptic 

currents recorded in voltage-clamp mode. Recordings were performed with neurons derived from 

mfNPC lines P1-GC and P2-GC, four cells were recorded after two weeks of differentiation, 22 

cells were recorded after four weeks of differentiation. 
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Supplementary Figure 3: Characterization of midbrain-specific organoids. Where 

indicated, analyses were performed with multiple cell lines (details see below) and a 

representative image looking similar to the images obtained from all used lines, is displayed. (a) 

(i) Immunohistological staining of apoptosis marker cleaved-caspase 3 (CC3), cell proliferation 

marker KI67, and stem cell marker SOX2 in an organoid quadrant. Scale bar is 50 µm. (ii) SOX2 

and CC3 positive pixels expressed as a percentage of the total Hoechst signal (mfNPC lines H1-

3, three passages each, n=9, here representative images are shown for line H1). (b) qRT-PCR 

analysis for mDAN markers FOXA2, LMX1A, EN1, and TH. Data presented as mean ±SEM, 

* p-value < 0.05, ** p-value < 0.01 (mfNPC lines H1-4, n=4). (c) Representative traces of 

voltage-gated sodium inward and potassium outward currents (i) evoked by stepwise 

depolarizations and sustained firing patterns of evoked action potentials (ii) upon a current-step 

application (i.e. 50 pA). These recordings were obtained from the same cell displayed in Figure 1 

from a dissociated 3D culture of 75 days from line H4. Black plain line in (ii) indicates 0 mV. 

Experiment conducted with mfNPC line H4, P2-GC and P3-GC, in total 26 cells were recorded. 

(d) Immunostaining for indicated ventral midbrain markers of 35 old organoid middle (i)-(iv) 

and edge sections (v). Scale bars are 20 µm. hMOs derived from mfNPC lines H1-4, here 

representative images are shown for line H1 (i and iii) and line H2 (ii, iv, v). 
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Supplemetary Table 1 

cell lines Derivation 
conditions Gender Age at 

sampling Genotype Comment hiPSC ID Figure 

H1 
2D Female 81 LRRK2 WT Reinhardt et al., 

2013 2.0.0.10.1.0 S1C, D, S2B, C 

3D Female 81 LRRK2 WT Reinhardt et al., 
2013 2.0.0.10.1.0 1B, C, E, F, G, S3A, 

B, D 

H2 3D Male n.a LRRK2 WT Alstem (iPS15) 2.0.0.33.0.0 1B, C, E, G, S3A, 
B, D 

H3 3D Female n.a. LRRK2 WT Bill Skarnes, 
WTSI 2.0.0.19.0.0 1B, C, E, G, H, 2A, 

B, C, S3A, B, D 
H3-G2019S 
(isogenic to H3) 3D Female n.a. LRRK2 G2019S Qing et al., 

2017 2.0.8.19.0.7 2B, C 

H4 3D Female cord blood LRRK2 WT Gibco (A13777) 2.0.0.15.0.0 1D, F, 2A, B, C, 
S3B, C, D 

H4-G2019S 
(isogenic to H4) 3D Female cord blood LRRK2 G2019S Qing et al., 

2017 2.0.8.15.0.7 2B, C 

P1-GC 2D Female 81 LRRK2 WT Reinhardt et al., 
2013 2.1.2.11.2.0 S1B, C, D, S2B, C, 

D 

P2 3D Female 54 LRRK2 G2019S Reinhardt et al., 
2013 2.1.1.46.0.0 2A, B, C 

P2-GC 
(isogenic to P2) 

2D Female 54 LRRK2 WT Reinhardt et al., 
2013 2.1.2.46.0.0 S1B, C, D, S2B, C, 

D 

3D Female 54 LRRK2 WT Reinhardt et al., 
2013 2.1.2.46.0.0 1D, S3C, 2B, C 

P3 3D Female 81 LRRK2 G2019S Reinhardt et al., 
2013 2.1.1.11.3.0 2A, B, C 

P3-GC 
(isogenic to P3) 3D Female 81 LRRK2 WT Reinhardt et al., 

2013 2.1.2.11.3.0 1D, S3C 2B, C 

 
 
Supplementary Table 1 related to experimental procedures: Cell lines used in this study 

to generate 2D or 3D cultures. Human mfNPCs were derived from iPSCs that have been 

previously published 1,2. Our data set includes iPSCs of healthy or diseased origin (H=healthy, 

P=PD patient with LRRK2-G2019S mutation). Additionally, cells were derived from isogenic 

controls, with either inserted LRRK2 mutation (H-G2019S) or gene corrected LRRK2 

mutation (P-GC). The last column shows the contribution of each cell line to the data in the 

respective figure. 
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Supplementary Table 2 

Antibody Species Source Ref.-No. Dilution 

Calbindin mouse swant 300 1:500 

CC3 rabbit Cell Signaling Technology 9661 1:200 

CORIN rat R&D systems MAB2209 1:500 

DAT rat Abcam Ab5981 1:200 

DDC rabbit Thermo Scientific PA5-25450 1:25 

Dopamine rabbit ImmuSmol IS1005 1:500 

EN1 goat Santa Cruz sc- 46101 1:300 

FOXA2 mouse Santa Cruz sc-101060 1:250 

GIRK2 goat Abcam Ab65096 1:200 

KI67 mouse BD Biosciences 550609 1:200 

LMX1A rabbit Abcam ab139726 1:200 

LMX1A rabbit Sigma HPA030088 1:1000 

NKX6.1 mouse DSHB F55A10 1 mg/ml 

OTX2 goat R&D AF1979 1:500 

OTX2 goat R&D AF1979 1:500 

PAX3 mouse DSHB Pax3 1 mg/ml 

PAX6 rabbit Covance PRB-278P 1:300 

PITX3 rabbit Millipore AB5722 1:200 

SOX1 goat R&D systems AF3369 1:100 

SOX2 goat R&D systems AF2018 1:200 

SOX2 goat Santa Cruz Sc- 17320 1:400 

SOX6 rabbit Sigma HPA001923 1:200 

TH chicken Abcam ab76442 1:1000 

TH rabbit Abcam ab112 1:1000 

TH rabbit Santa Cruz sc-14007 1:1000 

TH rabbit Santa Cruz 14007 1:300 

TH mouse Immunostar 22941 1:100 

TH rabbit Millipore 657012 1:400 

TUJ1 mouse BioLegend 801201  1:600 

TUJ1 rabbit Covance PRB-435P-0100 1:600 

TUJ1 chicken Millipore AB9354 1:600 

TUJ1 mouse Covance MMS-435P-100 1:1000 

 

Supplementary Table 2 related to experimental procedures: Antibodies used in this study. 
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Supplementary Table 3 

Feature Description 

Related to Figure 1: Generation of midbrain-specific organoids 

Nuclei mask Count of nuclear positive pixels. 

CC3 mask Count of cleaved-caspase 3 positive pixels. 

CC3 percentage CC3 mask / Nuclei mask expressed as percentage. 

SOX2 mask Count of SOX2 positive pixels. 

SOX2 percentage SOX2 mask / Nuclei mask expressed as percentage. 

  

Related to Figure 2: Disease modeling of PD patient-derived midbrain-specific organoids 

Nuclei mask Count of nuclear positive pixels. 

Nuclei mask high 
Count of nuclear positive pixels higher than the threshold (4000) 

identifying pyknotic nuclei. 

TH mask Count of TH positive pixels. 

TH skeleton 

Count of TH skeleton pixel (red). Skeleton is calculated using a thinning 

function resulting in a simplified representation of the neuronal 

branching. The skeleton allows identifying nodes and links. 

 

Nodes 

Total number of points located at a bifurcation of neuronal branching (red 

points), generated from the TH skeleton. 

 

Links 

Total number of connecting segments originated from the nodes (red 

lines), generated from the TH skeleton. 

 
TH+/Nuclei TH mask / Nuclei mask. 

TH percentage Percentage of number of neurons positive for TH. For this feature, nuclei 
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were segmented with watershed function. Only nuclei segmented as 

single element were kept. The number of segmented nuclei positive for 

TH was calculated as a percentage of the total number of nuclei. 

TH Fragmentation Surface to volume ratio of TH mask. 

FOXA2 mask Count of FOXA2 positive pixels. 

FOXA2+/Nuclei FOXA2 mask / Nuclei mask. 

TH+/FOXA2+ FOXA2 mask in TH positive neurons. 

TH+/FOXA2+/Nuclei FOXA2 mask identified in TH positive neurons/ Nuclei mask. 

TH-/FOXA2 FOXA2 mask in TH negative perinuclear zone. 

TH-/FOXA2+/ Nuclei FOXA2 mask identified in TH negative neurons/ Nuclei mask. 

 

Supplementary Table 3 related to Figure 1 and 2 and experimental procedures: Features 

from image analysis (adapted from Bolognin et al., 20183). 

 

Supplementary Table 4 

time 
point comparison THpos/FOXA2pos Nodes THneg/FOXA2pos 

d35 

H vs. H-G2019S ns 0.9851 **** < 0.0001 ns 0.8706 
H vs. P-GC **** < 0.0001 **** < 0.0001 ns 0.1688 
H vs. P **** < 0.0001 **** < 0.0001 **** < 0.0001 
H-G2019S vs. P-GC **** < 0.0001 *** 0.0007 ns 0.6202 
H-G2019S vs. P **** < 0.0001 ** 0.0022 *** 0.0008 
P-GC vs. P ns 0.9828 ns 0.9919 * 0.0239 

d70 

H vs. H-G2019S ns 0.9995 ns 0.3920 ns 0.9544 
H vs. P-GC ** 0.0051 **** < 0.0001 ns > 0.9999 
H vs. P ** 0.0041 **** < 0.0001 ns 0.6593 
H-G2019S vs. P-GC ** 0.0071 **** < 0.0001 ns 0.9627 
H-G2019S vs. P ** 0.0065 **** < 0.0001 ns 0.4017 
P-GC vs. P ns 0.9940 ns 0.9986 ns 0.7679 

 

Supplementary Table 4 related to Figure 2: Statistical evaluation of the image analysis for 

PD phenotyping. Several passages of PD patient-derived and healthy hMOs, as well as their 

isogenic controls (mfNPC H3, H3-G2019S, H4, H4-G2019S, P3, P3-GC, P4, and P4-GC, see 

Supplementary Table S1) were used. A 2way ANOVA, Tukey's multiple comparisons test 

was performed, asterisks and adjusted p values indicate significant differences between 

compared groups, * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value < 

0.0001, ns= not significant. 
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CHAPTER 8

Discussion

The lack of advanced experimental in vitro models that truly recapitulate the com-

plexity of the human brain is one of the main limitations in neuroscience and in the

field of diesease modelling. Current in vitro approaches to model physiology and

pathology of human neurons are mainly based on pure cultures of neurons grown

under 2D conditions. Even though, the resulting cell culture monolayers have been

proven as useful tools to study disease mechanisms and to identify potential neuro-

protective compounds (Nguyen et al. 2011; Cooper et al. 2012; Sánchez-Danés et al.

2012; Reinhardt, Schmid et al. 2013; Ryan et al. 2013; Spathis et al. 2017), these

culture conditions do not recapitulate several characteristics, which are relevant to

the human brain. Features like cell–cell interactions and cyto–architecture might

be crucial to predict the effectiveness of in vitro tested compounds in subsequent

clinical trials (Abe-Fukasawa et al. 2018).

A valuable tool, offering an opportunity to understand complex biology in a physiolo-

gically relevant context and also allowing advances in translational applications, is

the in vitro human brain organoid technology (Fatehullah et al. 2016). At the be-

ginning, brain organoid approaches relied mainly on the endogenous capacity of

PSCs to self–organise under 3D conditions and thereby to intrinsically recapitulate

early steps of the brain development (Arlotta 2018). These approaches resulted in

ectodermal derivatives with complex cyto–architechtures beyond what is possible
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with 2D PSC derivatives (Kadoshima et al. 2013, Lancaster, Renner et al. 2013,

Paşca et al. 2015). As neurons form functional networks with other neurons and

non–neuronal cells in the brain, it is essential to expand our research of neurode-

generative diseases using 3D models that are able to reproduce these interactions.

In general, 3D conditions are able to mimic more closely in vivo environments and

therefore, enable an accelerated neuronal differentiation and neural network form-

ation in vitro (Haycock 2011; D’Avanzo et al. 2015). Moreover, it has been shown

that neurons developed in a 3D environment express neuronal genes more accur-

ately than neurons derived in 2D conditions (Seidel et al. 2012). A monolayer of

neurons cannot provide as many linkages between individual cells as a 3D neuronal

culture. Along with this, the smaller synaptic distances in a 3D neuronal network

promotes a functional signal transduction (Cullen et al. 2012; D’Avanzo et al. 2015).

By creating a third dimension, neurons will develop in an environment that is more

mature and relevant to human physiology and therefore gain morphological and

physiological properties similar to those in vivo.

8.1 Derivation of midbrain–specific organoids

Organoids, specifically modelling the human midbrain, hold great promises for

studying the human brain development and for modelling the neurodegenerative

disorder PD. To achieve the in vitro derivation of a very distinct region, like the

human midbrain, additional stimuli of specific pathways along with the 3D PSC

culture are required. Up to this point, six 3D cell culture approaches have been

published by different research groups for deriving tissue that resembles features of

the human midbrain (Tieng et al. 2014; Qian et al. 2016; Jo et al. 2016; Monzel et al.

2017; Kim et al. 2019; Smits, Reinhardt et al. 2019). All of these approaches can be

attributed to previous 2D cell culture experiments, which explored the fundament-

als for the generation and characterisation of midbrain fate–specific cells, derived

from PSC via exogenous patterning cues (Kriks et al. 2011; Kirkeby et al. 2012).

The initial step for the derivation is the formation of EBs and induction of the neur-

oectoderm via dual–SMAD inhibition. In all of the here compared hMO protocols,

SB was used to inhibit the Activin/TGF–β signalling pathway (see Table 8.1 on

page 87). The further combination with BMP pathway inhibitors enabled a full

neural conversion of the PSCs. The use of BMP antagonists Noggin, LDN, and DM
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Table 8.1: Comparison of hMO derivation protocols: Overview of applied
compounds to derive midbrain–specific neuralectoderm by neural induction. hMO
protocols from Tieng (2014) and Qian (2016) are based on 2D experiments by
Kriks et al. (2011); hMO protocols from Jo (2016) and Kim (2019) are based on
2D experiments by Chambers et al. (2009); hMO protocols from Monzel (2017)
and Smits (2019) are based on 2D experiments by Reinhardt et al. (2013).

Tieng
(2014)

Qian
(2016)

Jo (2016)
Monzel

(2017)
Kim

(2019)
Smits
(2019)

Dual–SMAD inhibition

SB 10µM 10µM 10µM 10µM 10µM 10µM
Noggin — — 200 ng/ml — 200 ng/ml —
LDN 100 nM 100 nM — — — 150 nM
DM — — — 1µM — —

WNT activation

CHIR 3µM 3µM 3µM 3µM 3µM 3µM

SHH activation

SHH 100 ng/ml 100 ng/ml 100 ng/ml — 100 ng/ml —
PMA 2µM 2µM — 0.5µM — —
SAG — — — — — 0.5µM

FGF8 activation

FGF8 100 ng/ml 100 ng/ml 100 ng/ml — 100 ng/ml —

has been shown in 2D (Chambers et al. 2009; Kriks et al. 2011; Reinhardt, Glatza et

al. 2013) and applied in 3D stem cell cultures (see Table 8.1). To control the specific-

ation of the neural progenitor cells, CHIR, a potent, chemical inhibitor of GSK–3β,

was used to dose–dependently activate the Wnt signalling (Kirkeby et al. 2012, see

Table 8.1). The final patterning towards midbrain floor plate precursors requires

a treatment with small molecule activators of the SHH signalling, like recombinant

SHH, PMA or smoothened agonist (SAG) (Kriks et al. 2011; Smits, Reinhardt et al.

2019). This composition of exogenous patterning cues results in neural progenitors

that can give rise to authentic, midbrain–specific DANs (Kriks et al. 2011, Kirkeby

et al. 2012, Doi et al. 2014, Nolbrant et al. 2017). Moreover, the further develop-

ment of these protocols allowed the derivation of 3D cultured hMO. In contrast

to 2D monolayer cultures, hMOs can recapitulate complex interactions of mDANs

with other cell types of the CNS in a 3D environment. An enormous amount of

disease–relevant mDANs that can be produced in a rapid and reproducible way, is

required for disease modelling and drug discovery in the field of PD. Numerous

published protocols describe the generation of ventral mDANs from human PSCs in
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2D, by replicating mDAN in vivo–specification in vitro (Kriks et al. 2011, Kirkeby

et al. 2012, Doi et al. 2014, Nolbrant et al. 2017). Although current protocols are

based on the generation of LMX1A/FOXA2 positive midbrain floorplate progen-

itors, differentiations starting from PSCs are time–consuming and typically result

in cultures containing various neuronal identities (Hargus et al. 2010; Kriks et al.

2011; Kirkeby et al. 2012; Grealish et al. 2014). Typically, brain organoids are

generated from PSCs by profiting from developmental processes (Lancaster, Renner

et al. 2013; Clevers 2016) or by creating an environment favouring specific stem cell

niches (Tieng et al. 2014; Qian et al. 2016; Jo et al. 2016; Kim et al. 2019). How-

ever, the utilisation of NSCs as a starting population for hMOs has the advantage

that already patterned cells differentiate more efficiently into the desired structures.

Other adult stem cell–derived organoid cultures have been established for instance,

for the generation of intestinal or lung organoids. They contain cell types that are

present in the organ from which they were derived and recapitulate some degree of

its spatial organisation (Clevers 2013; Huch et al. 2015; Drost et al. 2017). Similarly

and in contrast to other existing hMO derivation protocols, we were able to show

the presence of midbrain–specific stem cell niches and clusters of mDANs in our

NSC–derived hMO model (Monzel et al. 2017). Therefore, we report an approach

to efficiently differentiate mDANs within hMOs by starting from expandable neural

precursor cells (NPCs) (Monzel et al. 2017; Smits, Reinhardt et al. 2019; Smits,

Magni et al. 2019, see Table 8.3 on page 93). Both hMO models have been already

used in other studies (Jan et al. 2018; Berger et al. 2018).

Among the published hMO protocols, different approaches were presented to es-

timate the number of mDANs that arise during the organoid development (see

Table 8.2 on page 89). Tieng and Qian dissociated their 3D structures and cul-

tured the resulting single cells as a monolayer (Tieng et al. 2014; Qian et al. 2016).

Their quantification resulted in more than 60 % TH–positive cells in 21 day–old cul-

tures (Tieng et al. 2014) and around 55 % TH–positive cells after 65 days (Qian

et al. 2016). A more straightforward method to quantify the mDAN population is

flow cytometry via fluorescence–activated cell sorting (FACS), which also requires

dissociated hMOs. By doing so, we showed that after 61 days of culture around

64 % cells were triple–positive for the mDAN markers TH, LMX1A, and FOXA2

(Monzel et al. 2017). Surprisingly, with the same method Jo and co–workers iden-

tified only around 22 % of MAP2–positive neurons co–expressing TH in their hMOs

after 60 days of culture (Jo et al. 2016). A third approach to estimate the percent-

age of mDANs within hMOs has been described in our recent publication (Bolognin
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Table 8.2: Comparison of characteristics of different hMO derivation
protocols: Overview of hMO–specific features reported in Tieng et al. 2014, Qian
et al. 2016, Jo et al. 2016, Monzel et al. 2017 (see Chapter 5), Kim et al. 2019,
and Smits, Reinhardt et al. 2019 (see Chapter 7)/Smits, Magni et al. 2019 (see
Chapter 6) (•different methods applied to determine and calculate TH content,
◦different methods applied to determine DA content, ?data not shown).

Tieng
(2014)

Qian
(2016)

Jo
(2016)

Monzel
(2017)

Kim
(2019)

Smits
(2019)

mDANs

TH• >60 %
(d21)

55 %
(d65)

22 %
(d60)

64 %
(d61)

n/a
54 %
(d70)

DAT n/a yes yes yes yes yes
DA◦ yes yes yes yes yes yes
NM n/a n/a yes yes n/a yes

glial cells

oligodendrocytes yes n/a yes yes n/a yes?

myelination yes n/a n/a yes n/a yes?

astrocytes yes yes yes yes n/a yes?

neuronal subtypes

GABAergic no n/a yes n/a n/a yes
glutamatergic yes n/a n/a n/a n/a yes
serotonergic no n/a n/a n/a n/a yes

et al. 2019; Smits, Reinhardt et al. 2019). With in–house developed image analysis

algorithms, enabling the automated segmentation of nuclei and neurons, we quanti-

fied around 62 % TH–positive cells after 35 days and around 54 % TH–positive cells

after 70 days of 3D culture. The application of high–content image–analysis allows

us to examine entire organoid sections, rather than dissociated single cells, which

preserves the original morphology and cell–cell interactions of the mDANs (Smits,

Reinhardt et al. 2019).

TH is a marker commonly used for mDAN detection, as it is a rate–limiting enzyme

for DA biosynthesis. However, it is also expressed in other catecholaminergic cell

types and does not represent a unique marker specifically for mDANs, as it is the

case for example for the DAT or the actual presence of the neurotransmitter DA

(Abeliovich et al. 2007). DAT expression was reported in almost every hMO model

(see Table 8.2 on page 89, Qian et al. 2016; Jo et al. 2016; Monzel et al. 2017; Kim

et al. 2019; Smits, Reinhardt et al. 2019). Tieng and co–workers did not show the

presence of DAT in their engineered nervous tissues (ENTs), but they were able
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to prove the synthesis of DA via high–performance liquid chromatography (HPLC)

after cell lysis (Tieng et al. 2014). Also Jo and Kim applied the same method to

assess the DA content within the hMOs (Jo et al. 2016; Kim et al. 2019). To verify

that the mDANs were not only able to produce DA, but actually to truly release the

neurotransmitter, we did not lyse our organoids but analysed the supernatant of the

3D cultures with an enzyme–linked immunosorbent assay (ELISA). We determined

a DA release that increased as the hMOs matured (Smits, Reinhardt et al. 2019).

An interesting observation was reported for the first time by Jo et al., they detected

insoluble, dark–coloured deposits in their hMOs after approximately 60 days (Jo et

al. 2016). With a Fontana–Masson staining they confirmed that these granules were

NM, which is a byproduct of the DA biosynthesis and accumulates postnatally in

the SNc of the human brain (Zecca et al. 2003; Pasca 2018; Kim et al. 2019). Also

our hMO culture protocols stimulated the production of NM (Monzel et al. 2017;

Smits, Reinhardt et al. 2019, see also Table 8.2 on page 89).

The presence of NM is a unique feature of the primate brain (Pasca 2018). It is

neither apparent in mice brains nor murine midbrain–specific organoids (Dawson,

Ko et al. 2010; Fedorow et al. 2005; Marton et al. 2016; Jo et al. 2016). Wild–

type mDANs, derived and cultured in monolayer conditions, only produce NM after

an artificial inductions of progerin expression, which is associated with premature

ageing (Miller et al. 2013; Sterneckert et al. 2014). Membrane–bound, dense pig-

mented aggregates of NM was also detected in long–term cultures of homozygous

DJ–1 mutant and idiopathic PD patient–derived mDANs (Burbulla et al. 2017).

Currently, it is unknown whether NM has a protective or rather damaging effect

on the cell survival, however it is proven that NM–containing mDANs of the SNc

are especially vulnerable during the course of PD (Zecca et al. 2003; Marton et al.

2016; Jo et al. 2016). Therefore, the here presented hMOs have a great potential to

be used for in vitro PD modelling, possibly revealing specific phenotypes that are

not abundant in wild–type 2D cultures or murine models. Moreover, hMOs provide

the basis for future studies about the role of NM in PD (Michel et al. 2016; Marton

et al. 2016).

As mDANs are essential to model the human midbrain, hMO research has so far

focused mainly on this specific type of neurons. Nevertheless, a detailed study of

Borroto–Escuela, et al. (2018) described that the released DA can diffuse into

synaptic regions of glutamate and γ–aminobutyric acid (GABA) synapses and dir-

ectly affect other striatal cell types possessing DA receptors (Borroto-Escuela et al.
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2018). Furthermore, substantia nigra (SN) dopaminergic neurons are directly con-

trolled by GABAergic input (Tepper et al. 2007). Evidences from these studies

suggest that the presence of other neuronal subtypes is important to be able to

model multifactorial disease like PD.

A first transcriptional characterisation of hMO was performed by Jo and co–

workers, showing that aspects of prenatal midbrain gene expression profiles were

resembled in the organoids in contrast to the conventional 2D–derived mDANs (The

GTEx Consortium 2015; Lin et al. 2016; Jo et al. 2016). For a further validation of

the genetic expression profile during the course of hMO development they sugges-

ted conducting a single–cell transcriptome analysis, as it has been shown before for

cerebral organoids (Camp et al. 2015; Kageyama et al. 2018).

In our recent study, we analysed single–cell transcriptomic data from hMOs (Smits,

Magni et al. 2019). We demonstrated that there is an increased expression of

neuronal– and stem cell–specific genes in 35 day– compared to 70 day–old hMOs,

whereas exclusively the gene–gene correlations between only neuron–specific genes

increased considerable at day 70. This signifies an increasing commitment of cells to-

wards the neuronal cellular fate during the course of organoid development and fur-

ther supports the finding of a progressive maturation of post–mitotic neurons. The

identification of these neuron–specific genes revealed that the genes up–regulated

at the earlier time point are rather relevant in the process of neurogenesis and

neuronal migration and differentiation (for example early B–cell factor 3 (EBF3),

Garcia-Dominguez 2003 and L1 cell adhesion molecule (L1CAM), Patzke et al.

2016), whereas the up–regulated genes at the later time point have been for in-

stance implicated in vivo in a modulatory contribution to neurite extension (for

example repulsive guidance molecule B (RGMB), Ma et al. 2011). This indicates a

higher commitment of the cells toward their intended fate and thereof a progressive

maturation of post–mitotic neurons within the hMOs.

As the presence of neuronal subtypes, like glutamatergic and GABAergic neurons

has been reported in hMOs before (Tieng et al. 2014; Jo et al. 2016), we applied

the high–resolution single-cell analysis to address residence of specific neuronal sub-

types (Smits, Magni et al. 2019). We investigated the expression of genes typical

for dopaminergic, glutamatergic, GABAergic, and serotonergic neurons and fur-

ther confirmed their presence by immunohistochemistry staining for the respective

neurotransmitters. This allowed us to robustly detect dopaminergic, glutamatergic

and GABAergic neurons as well as a few serotonergic neurons within hMOs (see



92 Chapter 8 Discussion

Table 8.2 on page 89). However, not only the detailed characterisation of the neur-

onal population is crucial for an accurate modelling of the human midbrain. In

addition, the presented models for hMOs have been characterised for astroglia and

oligodendrocyte differentiation (see Table 8.2 on page 89). The presence of astro-

cytes is essential for the formation of synapses and regular neuronal activity (Chung

et al. 2015). As astrocytes are specified later than neurons during development, as-

trocyte immunoreactivity is detectable in hMOs only after 35 days of cultivation

(Molofsky et al. 2012; Chaboub et al. 2013; Monzel et al. 2017).

Interestingly, it has been shown that the application of a γ–secretase inhibitor, such

as DAPT, during the the hMO maturation phase, also promotes the differentiation

into glial fibrillary acidic protein (GFAP)–positive cells (Tieng et al. 2014). Along

with this observation, we experienced an earlier development of glial cells in our

hMO model treated with DAPT (GFAP–positive cells from day 35 on, data not

shown, Smits, Reinhardt et al. 2019), compared to the model cultured without the

addition of DAPT (GFAP–positive cells from day 61 on (see Table 8.3 on page 93,

Monzel et al. 2017), indicating a stimulating effect on the differentiation of NSCs

(Zhou et al. 2010). Fast information transmission between neurons depends on ax-

onal myelination, which is achieved by oligodendrocytes. In most stem cell–based

differentiation protocols, the differentiation into oligodendrocytes is extremely in-

efficient (Bunk et al. 2016, Jablonska et al. 2010). However, in our approach we

achieved a differentiation into oligodendrocytes and detected myelination of non–

dopaminergic neurons (Monzel et al. 2017). Some neurites in these hMOs are en-

sheathed by oligodendrocytes and even structures such as the nodes of Ranvier be-

come apparent, which are of critical importance for saltatory transmission of signals

in axons (Faivre-Sarrailh et al. 2013). The feature of unmyelinated or thinly myelin-

ated neurons is particularly well described for SNc mDANs, and explains why we

quantified only about 30 % of βIII Tubulin (TUJ1) and myelin basic protein (MBP)

overlapping cells in our hMO system (Braak and Del Tredici 2004; Orimo et al.

2011; Sulzer and Surmeier 2013; Monzel et al. 2017). Interestingly, in our second

and most recent hMO approach, we could already detect the expression of a myelin–

associated enzyme (2’, 3’–cyclic nucleotide 3’–phosphodiesterase (CNPase)) after 35

days of differentiation, however we were not able to detect an overlapping expres-

sion with neuronal markers (data not published, see Table 8.3 on page 93, Smits,

Reinhardt et al. 2019).

To allow the future application and improve the impact of hMOs for pathophysiolo-

gical and pharmacological studies, the electrical activity and functional maturity
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Table 8.3: Comparison of in–house hMO models: Overview of selected
features of hMOs approaches published in Monzel et al. 2017 (see Chapter 5)
and Smits, Reinhardt et al. 2019 (see Chapter 7) (?different methods applied to
determine TH content, ◦data not shown).

Monzel (2017) Smits (2019)

culture conditions

used cell type smNPCs mfNPCs
number of cells 9,000 3,000
embedding yes no
agitation yes no

mDANs

TH+ cells? ∼64 % (d61) ∼54 % (d70)
regionalisation yes no
A9/A10 specificity yes yes
DAT yes (d61) yes (d70)
D2/D3 receptor responsive yes yes
DA release no yes
NM yes (>d149) yes (>d100)

other cell types

oligodendrocytes yes (d61) yes◦ (d35)
myelination yes (d61) no◦ (d70)
astrocytes yes (d61) yes◦ (d35)
neuronal subtypes n/a yes

of the midbrain–specific 3D cultures were assessed. Non–invasive recordings of ex-

tracellular field potentials can be achieved by a MEA system and allow insights

into physiological properties of in vitro cultures (Luhmann et al. 2016). Tieng and

co–workers detected spontaneous and evoked electrophysiological activities in their

ENTs (Tieng et al. 2014). Furthermore, in the study of Monzel et al., we detected

spikes that occurred close in time on multiple electrodes, which indicates neuronal

network synchronicity (Monzel et al. 2017).

To specifically determine the activity of different neuronal receptors within the or-

ganoid, the response to chemical compounds can be examined. The functional-

ity of DA receptors has been tested with the application of quinpirole, a specific

D2/D3 receptor agonist. It has been used already in several studies and it has

been shown to affectively suppress the firing in hMOs (Jo et al. 2016; Monzel et al.

2017; Smits, Magni et al. 2019). Together with the reported DA production and

release, this strongly suggests that TH-positive neurons, developed in hMOs, ex-

hibit electrophysiological and biochemical qualities of mature mDANs and express
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functional, quinpirole–responsive DA receptors. To further isolate and attribute the

recorded signals to neuronal subtypes, we additionally blocked inhibitory and ex-

citatory communication with specific drugs, following an established experimental

design by Illes and co–workers. Gabazine induces a disinhibition of GABAergic

neurons, whereas NMDA–receptor and AMPA/Kainate-receptor antagonists inhibit

glutamatergic excitatory communication (Illes et al. 2014).

Together with the characteristic hallmarks of synapse formation, consisting of a dir-

ect contact between pre– and postsynapses and composing the prerequisite for elec-

trophysiological and neuronal network functionality, these experiments confirmed

additionally to the present functional DA receptors also functional GABAergic and

glutamatergic neurons within the hMOs. As neurons do not exist in isolation in

the CNS but rather form functional networks with other neurons and non–neuronal

cells, it is important to expand our research of neurodegenerative diseases using 3D

models that are able to recapitulate cell autonomous as well as non-cell autonomous

aspects. Utilising 3D cell culture models that comprise a variety of neuronal sub-

types could lead to new insights into the selective vulnerability, which are observed

in neurodegeneration. Evidence suggests that specific regulation of the excitability

of mDANs by other neuronal subtypes in the midbrain might explain their selective

vulnerability in PD (Korotkova et al. 2004). This underlines the importance and the

enormous potential for future disease modelling of the hMO model, as it contains

functionally connected heterogeneous neuronal populations.

8.2 Disease modelling in midbrain–specific orga-

noids

The second most common degenerative neurological disorder after AD is PD, defined

by the selective loss of mDANs in the SNc of the human midbrain (see Section 1.1).

The establishment of region–specific brain organoids offers new possibilities to study

neuronal diseases that are linked to a specific part of the human brain, such as PD.

With our recent publication, we provide a proof–of–principle study that either

patient–derived or genetically modified hMOs harbouring the disease–associated

G2019S mutation in the LRRK2 gene show PD–relevant phenotypes including re-

duced number of mDANs (Smits, Reinhardt et al. 2019). By evaluating the number
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of links (branching) and nodes (dendrite bifurcation points) of the mDANs de-

veloped within the different hMO groups, we identified a significant reduction of

the dopaminergic network complexity in the patient–derived TH–positive neurons,

which is also known to occur in PD patients’ brain (Bernheimer et al. 1973; Kor-

dower et al. 2013; Smits, Reinhardt et al. 2019). Based on another published hMO

protocol, Kim and co–workers also derived organoids carrying the LRRK2–G2019S

mutation (Jo et al. 2016; Kim et al. 2019). In line with our findings, Kim et al. dis-

covered that the mDANs within the LRRK2–G2019S organoids reveal a decreased

neurite length in comparison to the mDANs within the control organoids. They fur-

ther assessed an overall decreased expression level of mDANs–specific markers, like

TH, aromatic l–amino acid decarboxylase (AADC), and DAT in their engineered

LRRK2–G2019S hMOs (Kim et al. 2019). They achieved a partial retrieval of the

expression level of those genes after treating the LRRK2–G2019S mutant organoids

with the LRRK2 kinase inhibitor GSK2578215A. This LRRK2 inhibitor suggests to

have a positive impact on mDAN cell death and additionally proves that this 3D

cell culture system is susceptible to investigating therapeutic strategies against PD

(Kim et al. 2019). Kim and co–workers additionally determined, whether hMOs car-

rying the LRRK2–G2019S mutation exhibit an abnormal localisation of α–synuclein

that is phosphorylated at serine 129 (pS129). They claim that pS129–α–synuclein

is aberrantly expressed in mutated hMOs and they detected a LRRK2–G2019S

mutation–dependent increase of thioflavin T–positive deposits in TH–positive neur-

ons over time, even though the overall α–synuclein expression did not seem to

increase (Kim et al. 2019). Here, methodological problems raise questions about

these determined results, as these detected thioflavin T–positive deposits seem to

be extracellular and are not clearly overlapping with the TH signal. Whether these

finding would be reproducible with another analytical method, was not explored.

Nevertheless, the assessment of PD–associated pathologies, like the synucleinopath-

ies, in human–specific advanced cell culture models is crucial due to the inherent

differences between human and mouse mDAN vulnerability and as existing murine

transgenic models were not efficient to develop an accurate representation of the

underlying disease mechanisms (Byers et al. 2012; Burbulla et al. 2017; Koh et al.

2018; Hemmer et al. 2018).

In the study of Smits et al., we demonstrated a significant increase of FOXA2–

positive progenitor cells in the patient–specific organoids (Smits, Reinhardt et al.

2019). Since FOXA2 is required for the generation of mDANs, we hypothesise that
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this might be a compensatory response to an impaired specification of mDANs pro-

moted by the mutated LRRK2 gene (Sasaki et al. 1997). Similar compensatory

mechanisms have been described in PD before and might represent an attempt to

counteract neurodevelopmental defects induced by PD–specific mutations (Blesa,

Trigo-Damas et al. 2017). Neurodegenerative disorders, such as PD, are typic-

ally considered to be age–associated diseases (Sepe et al. 2016, Xu, Yang et al.

2016). However, there is accumulating evidence that PD has a strong neurodevel-

opmental component that probably defines the susceptibility to develop the disease

(Garcia-Reitboeck et al. 2013; Le Grand et al. 2015; Schwamborn 2018). Our find-

ing supports the importance of human brain development models to investigate the

disease’s underlying mechanisms.

While introducing also isogenic control hMOs in this study, we could confirm that

the introduction of the LRRK2–G2019S mutation caused deleterious effects on the

complexity of mDANs within a healthy background. On the contrary, LRRK2–

G2019S gene correction within a PD patient background is not sufficient to rescue

this effect. As LRRK2–G2019S is not fully penetrant and the probability of devel-

oping PD individually varies among the carriers, it is suggested that its pathological

function comprises of additional pathways (Smith et al. 2006; Goldwurm et al. 2007).

In this context, a permissive genetic background, due to cumulative genetic variants,

might mediate and either enhance or diminish the LRRK2–induced neurodegenera-

tion (Bolognin et al. 2019). Remarkably, in our analysis of all studied features, the

PD patient–derived lines cluster together, independently of the presence or absence

of the mutation (Smits, Reinhardt et al. 2019). This indicates that the genetic

background of the PD patients, regardless of gene editing, accounts for most of the

differences between the studied cell lines and seems to be a major discriminating

factor. Thus, not the LRRK2–G2019S mutation but rather the genetic background

of the patients constitutes the strongest contribution to the phenotypes and sup-

ports the hypothesis that the genetic background of PD patients can influence the

degeneration of mDANs (Bolognin et al. 2019).

These findings show that 3D hMOs and the thereof derived mDANs represent power-

ful new tools for in vitro disease modelling. The patient–specific nature of these

models also opens promising avenues for future personalised medicine approaches

(Bu et al. 2016; Hillje et al. 2016; Smits, Reinhardt et al. 2019).
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Summary and Perspectives

The work presented in this thesis reveals novel findings in the field of advanced 3D

in vitro cell culture systems. We aimed to generate and characterise two novel

midbrain–specific organoid protocols and thereby provide sophisticated in vitro

models to study both neurodevelopmental processes and neurodegenerative diseases

of the human midbrain.

Contrary to previously published organoid models, we derived an organoid system

from NSCs, committed to the ventral neural tube fate of the mesencephalon. A

subsequent application of spatio–temporal specific signalling under 3D culture con-

ditions, led to the establishment of two novel hMO methods. We evaluated the

differentiation efficiency into true mDANs and assessed their cellular environment

within the hMOs. A detailed in vitro characterisation of diverse developing cell

populations and their functional properties, enabled us to evaluate the identity and

composition of the hMOs.

Furthermore, we determined the potential of our midbrain–specific model for its

application in modelling neurological diseases and we addressed, whether hMOs

are suitable to reveal PD–relevant phenotypes. Focusing on the investigation of

PD–specific pathomechanisms, we generated hMOs from PD patients carrying the

LRRK2–G2019S mutation and compared them to healthy control hMOs. With that,

97
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we were able to report for the first time PD–relevant phenotypes in PD patient–

derived hMOs and proved that our newly derived method is a powerful tool for

human–specific in vitro disease modelling of neurological disorders.

For such applications, an organoid model should be reproducible and stable for ex-

tended cultivation and manipulation. And even though the organoid technology

is a powerful asset in the field of brain research, the hMO models show intrinsic

disadvantages and limitations (Berger et al. 2018; Wang, Zhu et al. 2018).

The lack of a natural body axis or supportive tissue prevents an organoid organisa-

tion that is identical to the pattern of the in vivo human brain (Lancaster, Renner

et al. 2013; Kelava et al. 2016a; Wang, Zhu et al. 2018). The identification of a spe-

cific brain region but also the reproducibility might be impaired, nevertheless it is

unlikely to create the exact culture condition that can be found in the human brain

in utero (Trujillo et al. 2018). A major limitation of the hMOs presented here,

as well as other published brain organoid systems, is the absence of vasculature,

which restricts the supply of oxygen and nutrition, especially in the inner part of

the organoids (Kelava et al. 2016a; Wang, Zhu et al. 2018). It also might limit the

growth of organoids beyond a certain size and the appearance of dead cells in the

center of the organoids (Monzel et al. 2017; Berger et al. 2018; Giandomenico et al.

2017). Recently, brain organoids were successfully transplanted into a mouse brain

and murine blood vessels could be detected in the grafts (Mansour et al. 2018).

Even though the transplanted organoid mimicked more precisely the in vivo brain

anatomy, this method bears the disadvantage of xenocontamination (Wang, Zhu

et al. 2018; Trujillo et al. 2018).

The absence of microglia, the resident innate immune cells of the CNS, is another

major disadvantage for disease modelling, as they are actively involved in the devel-

opment and maturation of neurons. In the case of cerebral organoids, an adaptation

for a microglia–containing organoid model has been recently published (Ormel et

al. 2018). As our hMOs are derived from the neuroectoderm and microglia origin-

ate developmentally from the mesoderm, there is only the opportunity to integrate

externally–derived microglia or their precursors to the developing hMO (Muffat et

al. 2016; Haenseler et al. 2017; Abud et al. 2017; Trujillo et al. 2018; Wang, Zhu

et al. 2018).

Future development of cell culture technologies will further improve brain–specific
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organoid models and will support both the investigation of more complicated in-

teractions in the human brain and the modelling of a larger range of neurological

disorders (Di Lullo et al. 2017; Wang, Zhu et al. 2018).

Despite these limitations and taking aforesaid into consideration, we can come to

the conclusion that the hMO system presented here along with other models may

be a first step toward a more human patient–specific, probably even personalised,

era of advanced disease modelling and therapy development.
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APPENDIX A

Original article: Nurr1:RXRα heterodimer activation as

monotherapy for Parkinson's disease

This article has been published in the Proceedings of the National Academy of Sci-

ences journal.
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Parkinson’s disease (PD) is a progressive neurodegenerative disor-
der characterized by the loss of dopaminergic (DAergic) neurons in
the substantia nigra and the gradual depletion of dopamine (DA).
Current treatments replenish the DA deficit and improve symp-
toms but induce dyskinesias over time, and neuroprotective thera-
pies are nonexistent. Here we report that Nuclear receptor-related 1
(Nurr1):Retinoid X receptor α (RXRα) activation has a double thera-
peutic potential for PD, offering both neuroprotective and symptom-
atic improvement. We designed BRF110, a unique in vivo active
Nurr1:RXRα-selective lead molecule, which prevents DAergic neuron
demise and striatal DAergic denervation in vivo against PD-causing
toxins in a Nurr1-dependent manner. BRF110 also protects against
PD-related genetic mutations in patient induced pluripotent stem cell
(iPSC)-derived DAergic neurons and a genetic mouse PD model. Re-
markably, besides neuroprotection, BRF110 up-regulates tyrosine hy-
droxylase (TH), aromatic l-amino acid decarboxylase (AADC), and GTP
cyclohydrolase I (GCH1) transcription; increases striatal DA in vivo;
and has symptomatic efficacy in two postneurodegeneration PD
models, without inducing dyskinesias on chronic daily treatment.
The combined neuroprotective and symptomatic effects of BRF110
identify Nurr1:RXRα activation as a potential monotherapeutic ap-
proach for PD.

Parkinson’s disease | target validation | neuroprotection

Parkinson’s disease (PD) is a common neurodegenerative
disease characterized by the progressive loss of dopaminergic

(DAergic) neurons in the substantia nigra (SN), leading to
striatal dopamine (DA) deficiency (1). Current medications re-
plenish DA and offer temporary symptomatic relief to patients;
however, chronic treatments cause serious side effects in almost
all patients, including abnormal involuntary movements (AIMs)
and dyskinesias, limiting their efficacy (2). Moreover, DA re-
placement does not impede neurodegeneration, and PD pathology
progresses (3). Despite considerable advances in our understanding
of PD pathophysiology, pharmacologic strategies to prevent neu-
rodegeneration remain elusive, and the disease remains incurable.
Therefore, validation of novel targets that diminish DA re-
placement side effects and halt or slow disease progression is an
urgent unmet clinical need (4).
Nurr1 (NR4A2), a nuclear receptor, is a promising candidate,

implicated in both DA biosynthesis and DAergic neuron survival.
Nurr1 is expressed in developing and mature DAergic neurons and
is required for both survival and final complete DAergic differen-
tiation (5, 6). Nurr1 enhances in vitro and in vivo transcription of
tyrosine hydroxylase (TH), the rate-limiting enzyme of DA bio-
synthesis, and of GTP cyclohydrolase I (GCH1), the first enzyme in
the biosynthesis of tetrahydrobiopterin (BH4), an essential cofactor
for TH activity (7, 8). Decreased Nurr1 levels have been strongly
associated with PD and reduced DAergic neuron survival.
Nurr1 ablation in adult mice leads to dystrophic DAergic axons (9),
loss of striatal DA (10), and behavioral features of parkinsonism

during aging (11). Nurr1 mutations decreasing its mRNA have
been found in patients with familial and sporadic PD (12, 13).
Given the role of Nurr1 in PD, we theorized that pharmacologic
activation of Nurr1 could serve as monotherapy for PD, offering
both disease modification and symptomatic relief.
Nurr1 binds to DNA as a monomer, homodimer, or heterodimer

with retinoid X receptor (RXR)α or RXRγ. Because Nurr1 het-
erodimerizes with RXRα in midbrain DAergic neurons (14), we
postulated that synthetic ligands that bind to the RXRα-binding
pocket would be the preferred approach. RXRα is a heterodimer
partner of several nuclear receptors, and existing synthetic RXRα
ligands activate several RXRα heterodimers (15). Two such ligands,
XCT0135908 and bexarotene (14, 16), have been shown to activate
Nurr1:RXRα as well as other RXRα heterodimers. Bexarotene, an
approved antineoplastic agent activates RXRα heterodimers with
liver X receptor (LXR), peroxisome proliferator-activated receptor
gamma (PPARγ), and Nurr1, has shown promising results in ani-
mal models of Alzheimer’s disease and PD (16, 17), but these re-
sults have not been replicated (18, 19). In vitro, XCT0135908 (14)
activates Nurr1:RXRα heterodimers and RXRα:RXRα homo-
dimers (17), but its bioavailability is unknown.
Here we show that XCT0135908 does not reach the brain and is

essentially inactive in vivo. Rational compound design and synthetic
chemistry enabled us to design BRF110, a selective Nurr1:RXRα
agonist with combinatorial neuroprotective and symptomatic ben-
efits in preclinical mouse models, validating Nurr1:RXRα heter-
odimer activation as a promising monotherapy for PD.

Significance

In Parkinson’s disease (PD), dopamine (DA)-producing neurons
gradually degenerate, leading to DA deficiency and to the main
symptoms of PD. Current medications do not impede neuro-
degeneration, but relieve symptoms by replenishing DA; how-
ever, their chronic use causes serious side effects. We targeted a
protein required for the development and function of DA neurons
by designing a chemical compound that, by activating this protein,
increases DA and improves symptoms without current treatment
side effects while simultaneously preventing neuron loss in PD
mice. Our findings point to a monotherapy that can both impede
PD progression and concurrently improve symptoms of PD.
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Results
XCT0135908 in Vivo: Low Stability and Low Brain Penetration.
XCT0135908 was administered to mice to test its bioactivity. In-
traperitoneal or intracerebroventricular injections of XCT0135908
(1 and 10 mg/kg) did not result in any changes in expression
of midbrain genes, such as c-jun or TH, at various time points
after administration. LC-MS/MS (liquid chromatography-tandem
mass spectrometry) analysis of blood plasma or brain homog-
enates and targeted search of the parent compound at 1 and 2 h
after i.p. administration of XCT0135908 (1 μg/kg) indicated low
compound stability and minimal brain penetration (brain/blood
<0.03) (Fig. S1).

Discovery of the Nurr1:RXRα Activator BRF110. Because specific
Nurr1:RXRα activators do not exist (20), we confronted the
challenge to discover compounds that would be specific for
Nurr1:RXRα heterodimers, stable in vivo, and brain-penetrant.
Based on existing chemical structures and their function on
RXRα in a variety of assays, we synthesized several series of
compounds (termed BRFs). Human DAergic neuroblastoma
SHSY-5Y cells cotransfected with a DR5-luciferase reporter
construct, along with human Nurr1 and RXRα expression plas-
mids (Fig. 1 A and B), were treated with each of the experi-
mental compounds at varying concentrations. Compounds active
in vitro were routinely administered i.p. in mice (at 1 μg/kg), and
brain penetration was evaluated by LC-MS/MS. This scheme and
meticulous structure–activity relation analysis resulted in the
identification of BRF110 (Fig. 1C and Figs. S2 and S3), which
activates Nurr1:RXRα heterodimers (EC50 ∼900 nM; Fig. S4).
In silico docking simulations show that BRF110 complements

the hydrophobic L-shaped binding pocket of RXRα [Protein Data
Bank (PDB) ID code 1MV9]. The carboxylic group of BRF110,
with the participation of a water molecule, forms a hydrogen bond
with the backbone amide of A327 and a salt bridge with the side
chain of R316. The phenyl ring of BRF110 participates in π–π
interactions with F346 and stabilizes the molecule in the RXRα-
binding pocket, contributing to target affinity (calculated ΔG,
−16.7 kcal/mol) (Fig. 1D and Fig. S5A). These simulations were
validated by methyl or ethyl ester carboxylic group modifications,
which abolished activation, increasing EC50 by 50- to 100-fold
(Fig. S5B). In addition, halogenation of the BRF110 phenyl ring
disturbs the π–π interactions with F346 and also increases the
EC50 by approximately sevenfold (Fig. S5C).

Specificity of BRF110 for Nurr1:RXRα Heterodimers and Brain
Penetration. BRF110 activated Nurr1:RXRα heterodimers (Fig.
1E), but did not activate Nurr1:RXRγ heterodimers (Fig. 1F), in-
dicating that it is specific for RXRα and does not bind to Nurr1. In
naïve SHSY-5Y cells, BRF110 activated endogenous Nurr1:RXRα
heterodimers, as verified by loss of activity after knockdown of
Nurr1 by ∼60% using a retrovirus carrying shNurr1 sequences (Fig.
1G), indicating that Nurr1 is required for BRF110 activity (Fig. 1H).
To test off-target effects of BRF110 besides Nurr1:RXRα het-

erodimers, we fused the ligand-binding domains of Nurr1, RXRα,
and a variety of related nuclear receptors to the GAL4 DNA-
binding domain to create chimeric proteins, and also fused the
ligand-binding domain of RXRα with VP16. These molecular chi-
meras were cotransfected in pairs with RXRα:VP16 along with
a GAL4-responsive luciferase reporter in SHSY-5Y cells stimulated
with BRF110. BRF110 strongly activated Nurr1GAL4:RXRαVP16
heterodimer chimeras, but failed to activate other RXRαVP16
heterodimer chimeras with vitamin D receptor VDRGAL4,
RXRγGAL4, PPARγGAL4, or RXRαGAL4 homodimer chimeras
(Fig. 1I). Nur77GAL4:RXRαVP16 heterodimers were partially
activated, but Nur77, unlike Nurr1, is not associated with PD, and
Nur77 knockdown enhances cell survival (21). The foregoing ex-
periments indicate the high degree of selectivity of BRF110.
BRF110 (1 mg/kg) administered i.p. in mice reached the brain,

with an approximate half-life of ∼1.5 h in both blood and brain as
assessed by LC-MS/MS (brain/blood concentration area under
the curve ratio, 1.7; Fig. S6) and was bioactive, increasing midbrain

c-jun expression. These experiments indicate that BRF110 has the
necessary properties to test our monotherapeutic PD hypothesis of
Nurr1:RXRα heterodimer activation.

BRF110 Induces Transcription of DA Biosynthesis Genes and Protects
DAergic Cell Lines and Human Induced Pluripotent Stem Cell-Derived
DAergic Neurons Against PD-Associated Damage. Nurr1 regulates
the transcription of DA biosynthesis genes (7, 8); however,
whether this is mediated by Nurr1:RXRα heterodimers is un-
known. In SHSY-5Y cells, BRF110 increased the expression
of the three genes required for DA biosynthesis, TH by ∼90%
(n = 6; P = 0.0374, t test), aromatic L-amino acid decarboxylase
(AADC) by ∼70% (n = 6; P < 0.0001, t test), and GCH1 by
∼42% (n = 6; P < 0.0001, t test) (Fig. 2A), indicating that this up-
regulation depends on Nurr1:RXRα heterodimer activation.
We examined the neuroprotective capability of Nurr1:RXRα

heterodimer activation in SHSY-5Y cells in which death was induced
by either oxidative stress-related H2O2 or mitochondria complex I
inhibitor 1-methyl-4-phenylpyridinium (MPP+) (Fig. 2B). BRF110
(12.5 μM) did not promote cell differentiation or cell proliferation,
but significantly increased cell survival against varying concentrations
of the toxic stimuli (P < 0.0001, two-way ANOVA) in a dose-
dependent manner (Fig. 2C). The protection conferred by BRF110
was Nurr1-dependent, because it was abrogated by knockdown of

Fig. 1. Discovery of BRF110, specificity for Nurr1:RXRα heterodimers, and i.p.
administration in mice. (A) Schematic representation of the screening trans-
activation assay. (B) Typical results. (C) Chemical structure of BRF110. (D) Schematic
representation of BRF110 interactions within the RXRα (PDB ID code 1MV9)-
binding pocket. BRF110 (magenta) docked onto RXRα (green; PDB ID code
1MV9). Hydrogen bonds and amino acids are indicated. (E) Comparison of
DR5-Luc induction by BRF110 (1 μM) and XCT (1 μM) via activation of Nurr1:RXRα
heterodimers. (F) Cellular assay indicating that BRF110 activates Nurr1:RXRα
heterodimers but not Nurr1:RXRγ heterodimers. (G) Retroviral-mediated knock-
down of endogenous Nurr1 in SHSY5Y cells as measured by qPCR. (H) Activation by
BRF110 of DR5-luciferase reporter plasmid introduced into SHSY-5Y cells infected
with either a control retrovirus or the retrovirus carrying shNurr1 sequences.
(I) Gal4-DNA–binding domain and Nurr1, Nur77, VDR, RXRγ, PPARγ, and RXRα
ligand-binding domain fusions cotransfected with RXRα:vp16 fusions activated by
BRF110 at the indicated concentrations.

4000 | www.pnas.org/cgi/doi/10.1073/pnas.1616874114 Spathis et al.

Appendix A Original article: Nurr1:RXRα heterodimer activation as monotherapy
for Parkinson's disease 105



endogenous Nurr1 mRNA (Figs. 1G and 2D). The neuroprotective
effects of BRF110 extend to damage induced by the PD-associated
mutation G2019S in the leucine‐rich repeat kinase 2 (LRRK2) gene,
the most common genetic defect associated with clinical PD (22).
Rat cortical neurons cotransfected with CMV-GFP (cytomegalovi-
rus promoter-driven GFP) for identification and CMV-LRRK2-
G2019S cDNAs show increased apoptosis, as assessed by DAPI
staining and compared with control neurons cotransfected with a
WT LRRK2 cDNA. We did not observe neuronal differentiation
effects on BRF110 treatment, although it reduced apoptosis to
control levels, comparable to those of the LRRK2 inhibitor
GSK2578215A (P < 0.0001, one-way ANOVA) (Fig. 2 E–I).
The translational therapeutic potential of BRF110 was assessed in

human midbrain-specific induced pluripotent stem cell (iPSC)-de-
rived DAergic neurons, as indicated by positive staining and quan-
titative PCR (qPCR) for the neuronal markers MAP2, TH, FoxA2,
Lmx1, and En1 (Fig. S7). BRF110 doubled the number of surviving
MPP+-intoxicated neurons compared with vehicle (P < 0.0008, two-
way ANOVA) (Fig. 2 J–L). The surviving control neurons had fewer
and retreating projections, indicating compromised function (Fig.
2K), whereas the neurons that received BRF110 retained a complex
network of projections and contacts (Fig. 2L).
In addition, we tested BRF110 in iPSC-derived DAergic neu-

rons from a PD patient carrying the LRRK2-G2019S mutation.
These neurons showed contracted neurites with reduced branch-
ing, phenomena that can be reversed on correction (LRRK2GC)
of the LRRK2-G2019S mutation (22). Treatment of the LRRK2-
G2019S DAergic neurons with BRF110 (12.5 μM) for 14 d
(Fig. 2 M–Q) increased neurite length by 83% (P < 0.0007, one-
way ANOVA; P < 0.01, Kruskal–Wallis test), neurite number by
38% (P < 0.0001, one-way ANOVA; P < 0.001, Kruskal–Wallis

test), and neurite branching by 650% (P < 0.01, one-way
ANOVA; P < 0.05, Kruskal–Wallis test) (Fig. 2 M–O). During the
14-d BRF110 treatment of these cells, we did not see any effect on
TuJ1(+)/TH(−) neurons or onDAergic neurons with aWT genotype.
The foregoing experiments demonstrate the in vitro potential

of Nurr1:RXRα activation to shield human DAergic neurons
from diverse PD-related neuronal death stimuli, such as toxins
and the LRRK2-G2019S mutation.

Neuroprotection of BRF110 in Vivo in Preclinical Mouse PD Models.
We assessed the neuroprotective effects of Nurr1:RXRα heterodimer
activation in vivo in two established preclinical C57BL/6 mouse PD
models: acute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and unilateral 6-hydroxydopamine (6-OHDA) injection in the SN.
Intraperitoneal injections of BRF110 (10 mg/kg) every 12 h, starting
12 h before toxin administration, were continued for 6 d in the
MPTP model and for 14 d in the 6-OHDA model. To distinguish
phenotypic effects, lasting 4–8 h (see below), from neuroprotection,
BRF110 administration was discontinued 24–36 h before behav-
ioral and histological examination of the mice. In the MPTP model,
mice receiving BRF110 had considerably improved motor co-
ordination (>100%) (n = 5; P < 0.0001, one-way ANOVA) com-
pared with vehicle-injected mice, as assessed by the accelerating
rotarod test (Fig. 3A). SN unbiased stereologic neuronal counting
showed that TH(+) midbrain neuron survival per side was in-
creased by 31% (n = 5; P = 0.0003, one-way ANOVA) in BRF110-
treated mice, to a value not significantly different from that in
control mice (Fig. 3 B and C). In addition, BRF110 protected SN
axonal projections to the striatum, doubling the number of
remaining terminals (n = 5; P < 0.0001, one-way ANOVA) (Fig. 3
D and E). This neuroprotective effect was BRF110-dependent,

Fig. 2. Induction of DA biosynthesis gene expression and of neuroprotection in cell lines and in patient iPSC-derived DAergic neurons. (A) Expression levels of
the three DA biosynthesis genes (TH, AADC, and GCH1) mediated by the activation of Nurr1:RXRα by BRF110 (12.5 μM), as assessed by qPCR. n = 8. (B) SHSY-5Y
cell viability increases with BRF110 treatment, as measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, after exposure to
varying concentrations (0–16 μM) of H2O2. (C) BRF110 concentration-dependent SHSY-5Y cell viability, as measured by the MTT assay, after exposure to
varying concentrations (0–4 mM) of MPP+. (D) BRF110-mediated SHSY-5Y cell viability against MPP+ (2 mM) is dependent on Nurr1 levels, as determined by
retroviral knockdown of Nurr1. (E) BRF110 treatment of primary rat cortical neurons reduces apoptotic death induced by cotransfecting LRRK2-G2019S or
control WT LRRK2 cDNAs with CMV GFP, as measured by DAPI staining. (F–I) Representative DAPI (F and H) and GFP (G and I) confocal images. (J) Survival of
human iPSC-derived DAergic neurons exposed to MPP+ (0.5 and 1.0 mM for 24 h) and receiving vehicle or BRF110. (K and L) BRF110 treatment preserves
DAergic neuron projections, as determined by TH immunofluorescence of surviving iPSC-derived DAergic neurons after exposure to MPP+. (M–R) PD patient
iPSC-derived DAergic neurons with the LRRK2-G2019S mutation or corrected mutation (GC). BRF110 treatment rescues neurite number (M), neurite length
(N), and neurite branching (O) phenotypes. (P–R) Representative images stained with TuJ, TH, and DAPI.
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because a once-daily injection regimen (20 mg/kg) was ineffective.
BRF110 neuroprotection against MPTP toxicity was equally ef-
fective in 129sv WT mice (vehicle 2,500 ± 91 vs. BRF110 3,250 ±
92; n = 4; P = 0.000571, t test; P < 0.001, one-way ANOVA), but
was abolished in Nurr1+/− 129sv mice. The number of TH(+)
neurons was significantly lower in Nurr1+/− 129sv mice compared
with 129sv WT mice (2,710 ± 91, n = 4 vs. 3,250 ± 92, n = 4; P =
0.00298, t test), confirming that the in vivo neuroprotective effects
of BRF110 require Nurr1:RXRα heterodimers (Fig. 3F).
Nurr1:RXRα activation showed even more striking effects in

the 6-OHDA model. Mice receiving BRF110 exhibited a dra-
matic reduction (by approximately eightfold) in apomorphine-
induced contralateral turns (n = 5; P = 0.0159, Mann–Whitney
U test) (Fig. 4A), whereas motor coordination was almost en-
tirely restored to control levels, as evaluated by the rotarod test
(P < 0.0001, one-way ANOVA; P = 0.0079, Mann–Whitney
U test) (Fig. 4B). The number of surviving TH(+) neurons in the
SN of BRF110-treated mice was increased by 47% (P < 0.05,
one-way ANOVA; P = 0.0317, Mann–Whitney U test) to the level
of complete restoration, as indicated by unbiased stereological
neuronal counting (Fig. 4 C and D). Total midbrain neuronal
determination by NueN staining showed similar results (Fig. S8A).
Striatal innervation, which was practically obliterated in the
vehicle-treated control mice, also showed a 10-fold higher
preservation of TH(+) DAergic projections (P < 0.0001, one-way
ANOVA; P = 0.0159, Mann–Whitney U test) (Fig. 4 E and F).
Because the predictive validity of toxin-based mouse PD

models for neuroprotection in humans is questionable, we pro-
ceeded to test the effect of BRF110 in a mouse model, in which
adeno-associated viruses (AAVs) overexpressing WT α-synuclein
(ASYN) under the chicken β-actin promoter were injected unilat-
erally, along with contralateral injections of AAV-GFP. Treatment
with BRF110 (10 mg/kg every 12 h for 2 wk) or vehicle was started

the day after surgery. Unbiased stereology showed that the vehicle-
treated AAV-ASYN–injected animals had a 44% decrease in
TH(+) and NeuN(+) midbrain neurons compared with the AAV-
GFP–injected side (Fig. 4 G–I and Fig. S8B). In contrast, in the
BRF110-treated AAV-ASYN–injected animals, unbiased stereol-
ogy showed that the number of TH(+) midbrain neurons was
increased by ∼47% (P < 0.05, Wilcoxon test; P = 0.00214, Mann–
Whitney U test) and NeuN(+) midbrain neurons (P < 0.05, Wil-
coxon test; P = 0.00214, Mann–Whitney U test) compared with
AAV-ASYN–injected animals treated with vehicle (Fig. 4G).
Striatal innervation of unilaterally AAV-ASYN–injected brains
resulted in a dramatic depletion of TH(+) axons by almost 85% in
vehicle-treated mice, whereas in BRF110-treated mice, striatal
TH(+) axons were increased by more than fivefold (P < 0.001,
one-way ANOVA; P < 0.0156, Wilcoxon test) (Fig. 4 J L).

Fig. 3. BRF110 protects DAergic neurons against MPTP toxicity. (A) Improved
rotarod test performance of C57BL/6 mice exposed toMPTP and receiving BRF110
treatment for 7 d. (B) Stereological counting of SN TH(+) neurons (average/side) in
control C57BL/6 mice and mice exposed to MPTP and receiving either vehicle or
BRF110 treatment. (C) Images of TH immunohistochemistry (IHC) in the SN of
control C57BL/6 mice and mice exposed to MPTP and receiving either vehicle or
BRF110 treatment. (D) Images of TH IHC of SN DAergic projections to the striatum
in C57BL/6 mice exposed to MPTP and receiving either vehicle or BRF110 treat-
ment. (E) Quantitation of TH IHC DAergic projections to the striatum of C57BL/6
mice exposed to MPTP and receiving either vehicle or BRF110 treatment.
(F) Stereological counting of SN TH(+) neurons of control WT 129SV mice
and mice exposed to MPTP and receiving either vehicle or BRF110 treatment
(average/side) (first three bars) and of Nurr1+/− 129SV mice exposed to MPTP
and receiving either vehicle or BRF110 treatment (last three bars).

Fig. 4. BRF110 neuroprotection against 6-OHDA and AAV-ASYN toxicity in
mice. (A) Decreased number of apomorphine-induced contralateral turns in
C57BL/6 mice injected unilaterally with 6-OHDA and treated daily with either
vehicle or BRF110 for 13 d, showing greater than eightfold improvement.
n = 5. (B) Rotarod test of mice subjected to unilateral injection of 6-OHDA
and receiving either vehicle or BRF110, showing 12-fold improvement with
BRF110 treatment. n = 5. (C) SN TH IHC images of mice receiving unilateral
injections of 6-OHDA and treated with either vehicle or BRF110. (D) Stereo-
logical counting of SN TH(+) neurons in mice receiving unilateral injections of
6-OHDA and treated daily with either vehicle or BRF110, which increased the
number of TH(+) neurons by 47%. n = 5. (E and F) Striatum TH IHC of mice
receiving 6-OHDA injections and treatment with either vehicle or BRF110,
showing 10-fold increased innervation. n = 5. (G) Stereological counting of SN
TH(+) neurons of mice receiving unilateral injections of AAV-ASYN and
treated daily with either vehicle or BRF110, which increased the number of
TH(+) neurons by 48%. n = 7. (H and I) SN TH IHC images of mice receiving
unilateral injections of AAV-ASYN and contralateral injections of AAV-GFP
and treated with either vehicle or BRF110. (J and K) Striatum TH IHC of mice
receiving injections of AAV-ASYN or AAV-GFP and treated with either ve-
hicle or BRF110, showing 10-fold increased innervation (L). n = 7.
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The foregoing experiments demonstrate the DAergic neuro-
protective effects of Nurr1:RXRα activation in both toxin-based
and ASYN genetic preclinical animal models of PD.

A Single Dose of BRF110 Increases DA Biosynthesis in Vivo and Improves
Symptoms in Two Postneurodegeneration PD Models. Based on the
Nurr1:RXRα activation in the transcriptional regulation of DA
biosynthesis genes, we tested whether BRF110 could increase
DA levels in vivo. A single i.p. injection of BRF110 (10 mg/kg) in
WT mice increased midbrain TH gene expression (n = 4; P =
0.0396, t test) within 4 h (Fig. 5A). Striatal DA and DA metab-
olite levels were increased as well, and their ratio remained
constant, indicating physiological DA catabolism (Fig. 5B). Aiming
to model PD based on human genetic data, we also tested whether
BRF110 could increase DA levels in ASYN transgenic mice (23).
A single i.p. injection of BRF110 (10 mg/kg) increased striatal
DA levels (n = 4; P = 0.01069, t test) and DA metabolite levels in
the ASYN transgenic mice compared with mice receiving vehicle
(Fig. 5C). The effect of BRF110 was limited to DA biosynthesis,
because noradrenaline levels remained unaffected (Fig. 5D).
We subsequently tested whether the DA increase could

translate to symptomatic relief in postdegeneration PD mouse
models based on MPTP or 6-OHDA (Fig. 5 E and F). A single
dose of BRF110 (10 mg/kg i.p.) at 8 d after acute MPTP injection
or 5–6 wk after unilateral 6-OHDA injection significantly im-
proved temporarily motor coordination in both models (P =
0.01 and 0.0001, respectively, one-way ANOVA) at 4 h after
dosing (Fig. 5 G and H) and induced contralateral turns in the
6-OHDA model (P < 0.0001, one-way ANOVA) (Fig. 5I), an
effect similar to that of levodopa (L-DOPA). In these models,
symptom improvement from BFF110 disappeared by 8 h after
dosing. These experiments indicate that Nurr1:RXRα activation

can indeed offer symptomatic relief in rodents, further sup-
porting our monotherapy hypothesis.

BRF110 Chronic Dosing Does Not Induce Dyskinesias. We next com-
pared BRF110 with L-DOPA in terms of causing AIMs. Mice
treated daily with L-DOPA starting at 21 d after unilateral
6-OHDA injection exhibited severe hyperkinetic dyskinesias/AIMs
within 7 d (Fig. 5 J and K). In contrast, similar daily BRF110
(10 mg/kg) administration for at least 2 wk resulted in consis-
tently improved motor coordination (Fig. 5 H and I) without
dyskinesias/AIMs (P = 0.0061, two-way ANOVA; P = 0.0043,
Mann–Whitney U test) (Fig. 5K). These experiments exemplify
the simultaneous symptomatic usefulness of Nurr1:RXRα acti-
vation devoid of undesirable complications.

Discussion
Drug discovery efforts for PD traditionally have been aimed ei-
ther at symptomatic DA replacement treatments and alleviation
of dyskinesias or at neuroprotection (24, 25). Neuroprotective
approaches, although aimed at the core of PD pathology, so far
have not delivered the expected results (26).
We selected Nurr1 as the target for disease-modifying and

symptomatic relief for PD because it is strongly associated with
PD. Nurr1 mutations have been identified in familial and sporadic
cases of the disease (12, 13), and reduced levels of Nurr1 are as-
sociated with PD in both patients and animal models. In addition,
Nurr1 is involved in DA biosynthesis (6, 7). We chose to target
Nurr1 through its heterodimerization partner RXRα, limiting the
activation of other Nurr1 molecules. Our data indicate that activation
of Nurr1:RXRα by BRF110 can provide neuroprotection that can
halt PD-associated neuronal loss in both toxin and genetic preclinical
mouse models of PD. In addition, we have demonstrated that the

Fig. 5. BRF110 induces DA biosynthesis and symptomatic relief without dyskinesias in PD mouse models. (A) qPCR of TH expression levels in mouse midbrain
at 4 h after i.p. administration of vehicle or BRF110 (10 mg/kg). (B) DA and DA metabolite levels at 4 h after i.p. administration of vehicle or BRF110 (10 mg/kg)
in WTmice as assessed by HPLC. n = 4. (C) DA and DAmetabolite levels at 4 h after i.p. administration of vehicle or BRF110 (10 mg/kg) in ASYN transgenic mice, as
assessed by HPLC. n = 4. (D) Noradrenaline levels at 4 h after i.p. administration of vehicle or BRF110 (10 mg/kg), as assessed by HPLC. (E and F) Schematic
representations of the treatment regimens. (G) Accelerating rotarod latency times of MPTP-treated mice at 4 h after i.p. administration of vehicle or BRF110
(10 mg/kg). (H) Accelerating rotarod latency times of 6-OHDA–treated mice at 4 h after i.p. administration of vehicle or BRF110 (10 mg/kg). (I) Spontaneous
contralateral turns per minute of 6-OHDA–treated mice at 4 h after i.p. administration of vehicle, BRF110 (10 mg/kg), or L-DOPA. (J and K) Schematic of the
treatment regimen (J) and AIMS (K) of mice at 5 wk after 6-OHDA treatment, after 2 wk of daily i.p. administration of BRF110 (10 mg/kg) or L-DOPA.
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effects of BRF110 both in vitro and in vivo depend on Nurr1 ex-
pression, validating the therapeutic target. Because of the divergent
toxin and genetic insults that we used in our PD models, our data
indicate that various pathways leading to DAergic neuron demise can
be overcome by BRF110 activation, implying coordinated control of a
complex neuroprotective network by Nurr1:RXRα.
BRF110 also increases DA levels in vivo and offers symptomatic

relief in two postdegeneration PD animal models at the neuro-
protective dose. This dual activity indicates that unlike most efforts
aimed at finding new therapeutic approaches for the treatment of
PD, Nurr1:RXRα activation offers a unique combined efficacy dis-
tinct from that of other targets. Moreover, as opposed to the
excessive DA stimulation induced by DA replacement therapies,
BRF110 apparently finely regulates DA production in a more
physiological manner via the transcriptional activation of the DA
biosynthesis genes (TH, GCH1, and AADC), without affecting
DA catabolism and without eliciting dyskinesias. This effect has
been corroborated by the use of a lentiviral tricistronic vector
expressing TH, GCH1, and AADC that alleviates PD symptoms
in primates without dyskinesias (27). A current phase 1/2 clinical
trial using a virtually identical lentiviral vector offers similar
symptomatic relief in PD patients (28).
Our experiments show that a single molecule activating a

single target achieves a double therapeutic advantage for PD
in vivo. Because BRF110 neuroprotection extends to PD patient
iPSC-derived DAergic neurons, Nurr1:RXRα activation has the
potential to benefit PD patients. We believe that our findings
strongly support the use of Nurr1:RXRα activation as a mono-
therapy for PD.

Materials and Methods
The materials and methods used in these experiments are described in detail
in SI Materials and Methods.

In Vitro Studies in Neuroblastoma Cell Lines. Naive SH-SY5Y neuroblastoma
cells were cultured in RPMI 1640 and 10% FBS and harvested at indicated
time points. Transient transfections were performed using Lipofectamine
2000 (Invitrogen) for 4–6 h in Opti-MEM I (Invitrogen).

Mice. Mice were housed at the Animal Care Facilities of the Academy of
Athens in a pathogen-free room under a controlled 12-h light/12-h dark cycle
and with free access to food and water. Animal breeding and handling were
performed in accordance with the European Communities Council Directive
86/609/EEC guidelines, and all animal procedures were approved by the
Academy of Athens Institutional Animal Care and Use Committee (certified
with ISO 9001:2008). PD mouse models for MPTP, 0.6-OHDA, and ASYN AAV
were generated following established protocols. In brief, we used an acute
MPTP regimen of four 20-mg/kg MPTP injections given 2 h apart. 6-OHDA-
HCl in saline containing 0.02% ascorbic acid was injected intracerebrally and
unilaterally at the level of the median forebrain bundle (MFB) in anes-
thetized mice. Recombinant AAVs (AAV-ASYN and AAV-GFP) were injected
stereotactically into the right and left SN, respectively. Experimenters were
blinded to the animal groups for all animal experiments and analyses.

Statistics. Statistical analyses were performed using GraphPad Prism 4. Sig-
nificance was assessed with one-way ANOVA followed by Bonferroni’s post
hoc test and by the nonparametric Mann–Whitney U test or Kruskal–Wallis
test unless indicated otherwise. A P value <0.05 was considered significant.
In the figures, error bars represent ± SEM, and *P < 0.05, **P < 0.01, and
***P < 0.001.

ACKNOWLEDGMENTS. We thank Drs. L. Stefanis, A. S. Charonis, K. Vougas,
and A. Efstratiadis for encouragement; Drs. T. Perlmann and M. Spillantini
for the Nurr1+/− and ASYN transgenic mice, respectively, and Dr. M. Makishima
and RIKEN for constructs. This work was partially supported by the Michael J.
Fox Foundation (D.K.V.), a Cooperation grant from the General Secretariat
of Research and Technology (to D.K.V.), TransMed Grant EU FP7 REGPOT CT-
2010-245928 (to D.K.V.), and SEE-DRUG Grant EU FP7 REGPOT CT-2011-
285950 (to S.T.).

1. Meissner WG (2012) When does Parkinson’s disease begin? From prodromal disease
to motor signs. Rev Neurol (Paris) 168(11):809–814.

2. Athauda D, Foltynie T (2015) The ongoing pursuit of neuroprotective therapies in
Parkinson disease. Nat Rev Neurol 11(1):25–40.

3. Fahn S (2006) A new look at levodopa based on the ELLDOPA study. J Neural Transm
Suppl 70(Suppl):419–426.

4. Meissner WG, et al. (2011) Priorities in Parkinson’s disease research. Nat Rev Drug
Discov 10(5):377–393.

5. Zetterström RH, et al. (1997) Dopamine neuron agenesis in Nurr1-deficient mice.
Science 276(5310):248–250.

6. Saucedo-Cardenas O, et al. (1998) Nurr1 is essential for the induction of the dopa-
minergic phenotype and the survival of ventral mesencephalic late dopaminergic
precursor neurons. Proc Natl Acad Sci USA 95(7):4013–4018.

7. Kim KS, et al. (2003) Orphan nuclear receptor Nurr1 directly transactivates the pro-
moter activity of the tyrosine hydroxylase gene in a cell-specific manner. J Neurochem
85(3):622–634.

8. Gil M, et al. (2007) Regulation of GTP cyclohydrolase I expression by orphan receptor
Nurr1 in cell culture and in vivo. J Neurochem 101(1):142–150.

9. Kadkhodaei B, et al. (2009) Nurr1 is required for maintenance of maturing and adult
midbrain dopamine neurons. J Neurosci 29(50):15923–15932.

10. Kadkhodaei B, et al. (2013) Transcription factor Nurr1 maintains fiber integrity and
nuclear-encoded mitochondrial gene expression in dopamine neurons. Proc Natl Acad
Sci USA 110(6):2360–2365.

11. Zhang L, LeW, XieW, Dani JA (2012) Age-related changes in dopamine signaling in Nurr1-
deficient mice as a model of Parkinson’s disease. Neurobiol Aging 33(5):1001.e7–1001.e16.

12. Le WD, et al. (2003) Mutations in NR4A2 associated with familial Parkinson disease.
Nat Genet 33(1):85–89.

13. Sleiman PM, et al. (2009) Characterisation of a novel NR4A2 mutation in Parkinson’s
disease brain. Neurosci Lett 457(2):75–79.

14. Wallen-Mackenzie A, et al. (2003) Nurr1-RXR heterodimers mediate RXR ligand-
induced signaling in neuronal cells. Genes Dev 17(24):3036–3047.

15. Pérez E, Bourguet W, Gronemeyer H, de Lera AR (2012) Modulation of RXR function
through ligand design. Biochim Biophys Acta 1821(1):57–69.

16. Cramer PE, et al. (2012) ApoE-directed therapeutics rapidly clear β-amyloid and re-
verse deficits in AD mouse models. Science 335(6075):1503–1506.

17. McFarland K, et al. (2013) Low-dose bexarotene treatment rescues dopamine neurons
and restores behavioral function in models of Parkinson’s disease. ACS Chem Neurosci
4(11):1430–1438.

18. Veeraraghavalu et al. (2013) Comment on “ApoE-directed therapeutics rapidly clear
β-amyloid and reverse deficits in AD mouse models.” Science 340(6135):924-f.

19. Volakakis N, et al. (2015) Nurr1 and retinoid X receptor ligands stimulate Ret sig-
naling in dopamine neurons and can alleviate α-synuclein–disrupted gene expression.
J Neurosci 35(42):14370–14385.

20. Vaz B, de Lera ÁR (2012) Advances in drug design with RXR modulators. Expert Opin
Drug Discov 7(11):1003–1016.

21. Wei X, et al. (2016) Contra-directional coupling of Nur77 and Nurr1 in neuro-
degeneration: A novel mechanism for memantine-induced anti-inflammation and
anti-mitochondrial impairment. Mol Neurobiol 53(9):5876–5892.

22. Reinhardt P, et al. (2013) Genetic correction of a LRRK2 mutation in human iPSCs links
parkinsonian neurodegeneration to ERK-dependent changes in gene expression. Cell
Stem Cell 12(3):354–367.

23. Tofaris GK, et al. (2006) Pathological changes in dopaminergic nerve cells of the
substantia nigra and olfactory bulb in mice transgenic for truncated human alpha-
synuclein(1-120): Implications for Lewy body disorders. J Neurosci 26(15):3942–3950.

24. Rascol O, Perez-Lloret S, Ferreira JJ (2015) New treatments for levodopa-induced
motor complications. Mov Disord 30(11):1451–1460.

25. Schapira AH (2011) Monoamine oxidase B inhibitors for the treatment of Parkinson’s
disease: A review of symptomatic and potential disease-modifying effects. CNS Drugs
25(12):1061–1071.

26. Stocchi F (2014) Therapy for Parkinson’s disease: What is in the pipeline?Neurotherapeutics
11(1):24–33.

27. Jarraya B, et al. (2009) Dopamine gene therapy for Parkinson’s disease in a nonhuman
primate without associated dyskinesia. Sci Transl Med 1(2):2ra4.

28. Palfi S, et al. (2014) Long-term safety and tolerability of ProSavin, a lentiviral vector-
based gene therapy for Parkinson’s disease: A dose-escalation, open-label, phase
1/2 trial. Lancet 383(9923):1138–1146.

29. Ho CC, Rideout HJ, Ribe E, Troy CM, Dauer WT (2009) The Parkinson disease protein
leucine-rich repeat kinase 2 transduces death signals via Fas-associated protein with
death domain and caspase-8 in a cellular model of neurodegeneration. J Neurosci
29(4):1011–1016.

30. Reinhardt P, et al. (2013) Derivation and expansion using only small molecules of human
neural progenitors for neurodegenerative disease modeling. PLoS One 8(3):e59252.

31. Klein RL, King MA, Hamby ME, Meyer EM (2002) Dopaminergic cell loss induced by
human A30P alpha-synuclein gene transfer to the rat substantia nigra. Hum Gene
Ther 13(5):605–612.

32. Cao S, Theodore S, Standaert DG (2010) Fcγ receptors are required for NF-κB signaling,
microglial activation, and dopaminergic neurodegeneration in an AAV-synuclein
mouse model of Parkinson’s disease. Mol Neurodegener 5:42.

33. Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordinates (Academic,
San Diego), 2nd Ed.

34. Vila M, et al. (2000) Alpha-synuclein up-regulation in substantia nigra dopaminergic neu-
rons following administration of the parkinsonian toxinMPTP. J Neurochem 74(2):721–729.

35. Jackson-Lewis V, Przedborski S (2007) Protocol for the MPTP mouse model of
Parkinson’s disease. Nat Protoc 2(1):141–151.

36. Friesner RA, et al. (2006) Extra precision glide: docking and scoring incorporating a model
of hydrophobic enclosure for protein-ligand complexes. J Med Chem 49(21):6177–6196.

4004 | www.pnas.org/cgi/doi/10.1073/pnas.1616874114 Spathis et al.

Appendix A Original article: Nurr1:RXRα heterodimer activation as monotherapy
for Parkinson's disease 109





APPENDIX B

Original article: Activity of translation regulator eukaryotic

elongation factor–2 kinase is increased in Parkinson's disease

brain and its inhibition reduces α–synuclein toxicity

This article has been published in the Acta Neuropathologica Communications journal.

111



RESEARCH Open Access

Activity of translation regulator eukaryotic
elongation factor-2 kinase is increased in
Parkinson disease brain and its inhibition
reduces alpha synuclein toxicity
Asad Jan1* , Brandon Jansonius3†, Alberto Delaidelli2†, Forum Bhanshali4, Yi Andy An4, Nelson Ferreira5,
Lisa M. Smits6, Gian Luca Negri2, Jens C. Schwamborn6, Poul H. Jensen5, Ian R. Mackenzie2, Stefan Taubert4

and Poul H. Sorensen2,3*

Abstract

Parkinson disease (PD) is the second most common neurodegenerative disorder and the leading
neurodegenerative cause of motor disability. Pathologic accumulation of aggregated alpha synuclein (AS) protein in
brain, and imbalance in the nigrostriatal system due to the loss of dopaminergic neurons in the substantia nigra-
pars compacta, are hallmark features in PD. AS aggregation and propagation are considered to trigger neurotoxic
mechanisms in PD, including mitochondrial deficits and oxidative stress. The eukaryotic elongation factor-2 kinase
(eEF2K) mediates critical regulation of dendritic mRNA translation and is a crucial molecule in diverse forms of
synaptic plasticity. Here we show that eEF2K activity, assessed by immuonohistochemical detection of eEF2
phosphorylation on serine residue 56, is increased in postmortem PD midbrain and hippocampus. Induction of
aggressive, AS-related motor phenotypes in a transgenic PD M83 mouse model also increased brain eEF2K
expression and activity. In cultures of dopaminergic N2A cells, overexpression of wild-type human AS or the A53T
mutant increased eEF2K activity. eEF2K inhibition prevented the cytotoxicity associated with AS overexpression in
N2A cells by improving mitochondrial function and reduced oxidative stress. Furthermore, genetic deletion of the
eEF2K ortholog efk-1 in C. elegans attenuated human A53T AS induced defects in behavioural assays reliant on
dopaminergic neuron function. These data suggest a role for eEF2K activity in AS toxicity, and support eEF2K
inhibition as a potential target in reducing AS-induced oxidative stress in PD.

Keywords: eEF2K, Parkinson disease, Alpha synuclein, Oxidative stress, Neurotoxicity

Introduction
Parkinson disease (PD) is the most common neurode-
generative cause of motor disability and is estimated to
affect around 10 million people worldwide [33, 53]. Clin-
ically, it presents as a movement disorder characterized
by resting tremor, rigidity, and bradykinesia, and in a
substantial number of patients the motor disability is

compounded by non-motor symptoms such as cognitive
impairment and autonomic dysfunction [33, 53]. Neuro-
pathologically, loss of dopamine producing neurons in
the midbrain substantia nigra (SN)-pars compacta, and
intraneuronal inclusions of aggregated α-synuclein (AS)
protein in multiple brain regions are hallmark features
in PD [33, 53]. AS is a 14 kDa cytosolic protein (encoded
by the SNCA gene) with putative roles in synaptic
vesicle recycling, mitochondrial functions, and
chaperone activity [39, 71]. Deposition of AS in the form
of inclusions in neurons and/or nerve terminals, also
known as Lewy body pathology, is also seen in other
neurodegenerative diseases such as Alzheimer disease
(AD), Lewy body dementia (LBD), and in

* Correspondence: ajan@aias.au.dk; psor@mail.ubc.ca
†Brandon Jansonius and Alberto Delaidelli contributed equally to this work.
1Aarhus Institute of Advanced Studies, Department of Biomedicine, Aarhus
University, Høegh-Guldbergs Gade 6B, DK-8000 Aarhus, Denmark
2Department of Pathology and Laboratory Medicine, University of British
Columbia, Vancouver, Canada
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Jan et al. Acta Neuropathologica Communications  (2018) 6:54 
https://doi.org/10.1186/s40478-018-0554-9

112

Appendix B Original article: Activity of translation regulator eukaryotic
elongation factor–2 kinase is increased in Parkinson's disease brain and its

inhibition reduces α–synuclein toxicity



oligodendrocytes in Multiple system atrophy (MSA)
[67]. Idiopathic (non-inheritable) PD accounts for a vast
majority of cases, while 5–10% of clinically diagnosed
PD is attributable to genetic factors [53]. Missense muta-
tions in SNCA resulting in N-terminal amino acid sub-
stitutions in the AS protein, or multiplications in SNCA
gene locus leading to increased AS expression are the
earliest known causes of autosomal-dominant inherited
forms of PD [53, 54, 62]. There are additional genes as-
sociated with familial PD including autosomal-dominant
and recessive inheritance (reviewed by [33, 53]), under-
lining the complex etiologic nature of PD.
Driven by the neuropathology and genetics, the neuro-

toxicity of AS has been a major area of research in PD to-
wards the elucidation of disease-associated mechanisms
and discovery of novel therapies. Based on studies in ani-
mal models and cell cultures, including neuronal cultures,
substantial evidence implicates AS aggregation in trigger-
ing different alterations including synaptic dysfunction,
calcium dyshomeostasis, mitochondrial impairment,
endoplasmic reticulum (ER) stress, defective autophagy,
neuroinflammation, and oxidative stress [27, 39, 59, 71].
In a broader perspective, a pathological role for dysregula-
tion of some of these cellular mechanisms is also sup-
ported by the discovery of other genetic factors causing
PD. For instance, autosomal-dominant mutations in leuci-
ne-rich repeat kinase 2 (LRRK2), which account for the
most common cause of inherited PD [53], are associated
with defective autophagy and mitochondrial dysfunction
[68]. Similarly, mutations in PARK2 (Parkin, an E3 ubiqui-
tin ligase), PINK1 (PTEN-induced putative kinase 1) and
PARK7 (DJ-1, a protein deglycase), which are associated
with early onset (age less than 40 years) PD [33, 53], dir-
ectly or indirectly affect mitochondrial function either by
regulating mitophagy (Parkin and PINK1) or protecting
mitochondria from oxidative stress (DJ-1) [5, 59]. Some
studies have also reported that mitochondrial complex I
protein expression and/or activity is reduced in PD sub-
stantia nigra [29, 60] and platelets [21]. Additionally, cul-
tures of induced pluripotent stem cells (iPSCs) derived
from PD patients show defects in oxygen consumption
and mitochondrial function [3, 56]. Furthermore, expos-
ure to several chemical toxins that inhibit complex I is
well documented to induce dopaminergic neuron degen-
eration and a parkinsonian phenotype in humans (e.g.,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPTP) and
in animals (e.g., MPTP, rotenone, paraquat etc.) [33, 59].
The eukaryotic elongation factor-2 kinase (eEF2K),

also known as calcium/calmodulin dependent kinase III,
is an important regulatory molecule in cellular protein
synthesis and also in diverse forms of synaptic plasticity
[23]. Upon activation, eEF2K phosphorylates its major
known substrate, the eukaryotic elongation factor-2
(eEF2), on threonine-56 (Thr56), thus leading to the

dissociation of eEF2 from ribosomes and stalling of
mRNA translation during the elongation phase [34, 57].
eEF2K activity is increased under condition of nutrient
stress via the energy sensor AMP-activated kinase
(AMPK), which positively regulates eEF2K activity by
phosphorylation on serine residue 398 [34, 42]. We and
others have observed increased eEF2K expression and/or
activity in AD post-mortem brains [28, 43, 46], and in
the brains of transgenic AD mice [28, 46]. We have also
shown that eEF2K inhibition prevents the toxicity of
amyloid-β (Aβ) oligomers in neuronal cultures by acti-
vating the NRF2 antioxidant response, and attenuates
human Aβ-induced deficits in neuronal function in C.
elegans [28].
Mitochondrial defects (directly or indirectly associated

with the aggregation of AS protein) and oxidative stress
are implicated in PD pathogenesis [5, 59], and eEF2K in-
hibition reduces reactive oxygen species (ROS) levels in
cells [10, 28]. Therefore, we hypothesized that eEF2K in-
hibition may mitigate AS induced neurotoxicity by
reducing oxidative stress. To test this hypothesis, we first
examined markers of eEF2K activity,1 i.e., phosphoryal-
tion of eEF2 on serine residue 56, in postmortem PD
brains in order to establish its relevance to human path-
ology, and subsequent to the induction of AS pathology
in transgenic mouse M83 line expressing PD-associated
mutant Ala53Thr (A53T) AS [20, 58]. Then, we probed
the effects of eEF2K inhibition on cytotoxicity, mito-
chondrial function and oxidative stress in AS overex-
pressing dopaminergic N2A cells, and on dopaminergic
neuronal function in C. elegans expressing mutant A53T
AS. By using multiple experimental approaches, we elu-
cidate the relevance of eEF2K in AS toxicity, and discuss
the potential utility of eEF2K inhibition in PD and re-
lated synucleinopathies.

Materials and methods
Reagents and biochemical assays
Plasmids for overexpression of AS in mammalian cells
were obtained under MTA from Addgene, and in-
cluded human wild type AS (pHM6-alphasynu-
clein-WT, Addgene #40824) and human mutant A53T
AS (pHM6-alphasynuclein-A53T, Addgene #40825).
Additional reagents and biochemical assays employed
during these studies include: pool of small interference
RNAs (SiRNAs) targeting mouse eEF2K (Santa Cruz,
#sc-39,012), Cell Titer Glo ATP measurement kit
(Promega, #G7570), Lactate dehydrogenase (LDH)
fluorometric assay (Novus Biologicals, #NBP2–54851),
Seahorse Mito stress test kit (Agilent, #103015–100),
2′,7′-dichlorodihydrofluorescein diacetate (DCFDA)
fluorescent ROS reagent (ThermoFisher, #D399), and
MitoTracker Green fluorescent reagent for mitochon-
drial mass (ThermoFisher, #M7514). Biochemical
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assays (LDH and ATP), Seahorse assays and flow cy-
tometry assays were performed according to manufac-
turer’s recommendations and are also outlined in
details below.

Immunohistochemistry (IHC) and immunofluorescence
studies on postmortem human brain sections
Five-micrometer formalin-fixed paraffin embedded sep-
arate post-mortem sections from midbrain and hippo-
campus of control or PD patients were provided by the
laboratory of IM (co-author), as approved by the Univer-
sity of British Columbia Ethics Committee. Anonymized
brain sections from 3 control individuals and 6 clinically
and pathologically confirmed PD patients were obtained at
autopsy and used in these experiments (Additional file 1:
Table S1).
IHC on brain sections from human tissue was per-

formed after deparaffinization and antigen retrieval. The
following antibodies were employed to stain serial tissue
sections, as indicated: antibody against phospho-eEF2
(Thr56) (Novus Biologicals, #NB100–92518) [28, 42],
and antibody against phospho-alpha synuclein (pSer129;
EMD Millipore, #MABN826), using the alkaline phos-
phatise conjugated streptavidin-biotin ABC kit (Vector
Labs, # AK-5000). For destaining/bleaching neuromela-
nin in substantia nigra in the midbrain sections, the IHC
protocol was modified slightly, as described [52] . Briefly,
sections mounted on slides were incubated in a 60 °C
degrees oven for 30 min and then were transferred into
ambient distilled water. Then, the slides were placed in
0.25% potassium permanganate solution for 5 min. Sub-
sequently, the slides were rinsed with distilled water.
This was followed by incubation in 5% oxalic acid until
section became clear. A final rinse in distilled water was
performed before proceeding with the normal IHC stain-
ing as described above. Sections were counterstained
with hematoxylin (Vector Labs, #H-3401). High reso-
lution panoramic images of tissue sections for p-eEF2
and p-ASyn IHC analysis were acquired using a Leica
Aperio digital slide scanner. IHC staining for p-eEF2
was quantified by manual counting of the DAB (3,3′-di-
aminobenzidine; Vector Labs, #SK-4100) positive cells.
For the detection of p-eEF2 (T56) and p-ASyn (S129)

in the same tissue section, i.e., colocalization studies, im-
munofluorescence labelling was performed. For this pur-
pose, after incubation of the tissue sections with primary
antibodies as in the staining protocol described above,
Alexa Fluor conjugated secondary fluorescent antibodies
(Alexa Fluor 488 Goat anti-Mouse IgG, Thermo Fisher #
A32723 and Alexa Fluor 594 Goat anti-Rabbit IgG,
Thermo Fisher # R37119) were used for the detection.
Image acquisition was performed using a Nikon Eclipse
TE2000 confocal microscope.

Animal studies
Husbandry
Transgenic M83+/+ PD mice [B6; C3-Tg (Prnp-SNCA*A53T)
83Vle/J] were kindly provided by the laboratory of Benoit
Gaisson at the Centre for Translation Research in Neurode-
generative Diseases, University of Florida, USA to the labora-
tory of PHJ (co-author). These mice express the mutant
human A53T AS under the direction of the mouse prion
protein promoter [20]. The mice were housed at the Aarhus
University Bartholin animal facility under conditions of 12 h
light/dark cycles and received ad libitum standard laboratory
chow diet. All procedures were performed in accordance
with National rules and the European Communities Council
Directive for the care and handling of laboratory animals.
Both male and female mice were used for biochemical ana-
lyses. All genotypes were determined by PCR.

Intramuscular injections of alpha synuclein fibrils
Fibrillar mouse AS was prepared essentially according to
an established protocol [58]. Tg M83+/+ were bilaterally
injected with recombinant mouse AS preformed fibrils
(PFF) as described [58]. Briefly, 2–3 month-old mice
were anesthetized with isoflurane (1–5%) inhalation and
injected intramuscularly into the hindlimb biceps
femoris bilaterally. The inoculum (5 μL of 2 mg/mL PFF
or PBS) was injected using a 10-μL Hamilton syringe
with a 25-gauge needle. Separate syringes were used for
each type of inoculums (PBS or PFF) to avoid any
cross-contamination. After the injection, mice were
allowed to recover under close observation before being
returned to their original cage.

Hindlimb clasping
Assessment of hindlimb clasping behaviour was per-
formed with a modified tail suspension test [22]. Freely
moving, non-anesthesized, Tg M83+/+ were held by the
tail and lifted in air for 10 s. Severity of clasping was
assessed as follows: 1) No clasping (score 0), hindlimbs
were consistently spread outward and away from the
abdomen; 2) Mild clasping (score 1), one hindlimb was
retracted toward the abdomen for more than 50% of the
time; 3) Moderate clasping (score 2), both hindlimbs
were partially retracted toward the abdomen for more
than 50% of the time suspended; and 4) Severe clasping
(score 3), hindlimbs were entirely retracted and touching
the abdomen for more than 50% of the time suspended.

Quantitative RT-PCR
Total RNA from the whole brain homogenates was ex-
tracted using a commercial kit (Qiagen, #74134), and cDNA
was synthesized using high capacity reverse transcriptase kit
(Applied Biosystems, #4368814). The following gene specific
primer pairs were used in qRT-PCR: Mouse eef2k (forward,
5’-CGCTTTGTACCGGGGATTCT-3′; reverse, 5′- AAGG
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ATGGTCCTCCCACAGT-3′) and Mouse Gapdh (forward,
5′- CCCTTAAGAGGGATGCTGCC-3′; reverse, 5’-TACG
GCCAAATCCGTTCACA-3′). The data were analyzed by
relative ΔΔCT quantification method using Gapdh CT
values as internal reference in each sample.

Cell culture
Midbrain organoid cultures
Midbrain organoids were generated with a modified
protocol as reported previously [49], from human iPSCs
essentially as described [3]. After 35 days of differenti-
ation, RNA from snap frozen wild type or A53T muta-
tion carrying organoids was isolated using a commercial
kit (Qiagen, # 74104), and cDNA was synthesized using
Applied Biosystems high capacity reverse transcriptase
kit (Thermo Fisher, # 4368814). Following gene specific
primer pairs were used in qRT-PCR: Human EEF2K,
forward 5′- CCCAAGCAGGTGGACATCAT-3′ and
reverse 5’-TTGCCCTCGATGTAGTGCTC-3′ and hu-
man glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), forward 5′- GACAGTCAGCCGCATCTTCT
-3′ and reverse 5′- ACCAAATCCGTTGACTCCGA -3′.

N2A cultures
N2A neuroblastoma cells were obtained from ATCC
(#CCL-131), and maintained in DMEM (4.5 g/L glu-
cose; Gibco, #11965–084) supplemented with 1%
antibiotic-antimycotic solution (Gibco, #15240062)
and 10% Fetal Bovine Serum (FBS), Cells were cul-
tured in 6-well (500, 000 cells/well) 12-well (250,000
cells/well) or 96-well (50,000 cells/well) plates. DNA
plasmid transfections were performed using Lipofecta-
mine 2000 (Invitrogen, #11668019), and Lipofecta-
mine RNAiMAX (Invitroge, #13778150) for siRNAs,
according to the recommended procedures. After
24 h, cells were briefly washed with phosphate-buffer
saline (PBS) and allowed to differentiate into neurons
in a modified culture medium [59] containing DMEM
(Gibco, #21969035) supplemented with 500 μM L-gluta-
mine, 1% antibiotic-antimycotic, 2% FBS and 500 μM
Dibutyryladenosine 3′,5′-cyclic monophosphate (db
cAMP; Sigma, #D0627) [28, 63]. Unless indicated
otherwise, differentiated N2A cells which were mock
transfected, or transfected with AS plasmids (ASyn-WT
or ASyn-A53T; Addgene plasmid #40824 and #40825
respectively) +/− eEF2K kd, were used in the various
assays described below after 72–76 h post-transfection.

Cytotoxicity assays
For the lactate dehydrogenase (LDH) release, 50 μl of cul-
ture medium was collected from each well into sterile
tubes and cell debris was removed by centrifugation
(1100 rpm, 10 min; 4 °C) in a tabletop centrifuge. Then,
5 μl of the supernatant were carefully transferred into a

96-well black microplate cooled and kept on ice. Then,
the assay reagents, as recommended by the manufacturer
were added to the wells. Fluorescence (Ex/Em= λ535/
λ587 nm) was measured in a Tecan microplate reader
equipped with necessary filters at room temperature. Mea-
surements were acquired in a kinetics mode every minute,
after 5 s of gentle shaking, over 20 min. Stabilized fluores-
cence signal from each sample was collected and analyzed.
For the propidium iodide (PI) cell death detection assay,
the cells were gently trypsinized (0.05% Trypsin-EDTA;
Gibco, #25300054), centrifuged (1100 rpm, 5 min, 4 °C)
and resuspended in 500 μl of sterile ice-cold PBS contain-
ing 20% FBS and 0.001% PI (ThermoFisher, #P3566). After
transferring into FACS tubes, on ice, the cells were
analyzed on a FACSCalibur-Tangerine flow cytometry in-
strument, as described [28]. Cellular ATP levels were mea-
sured using a bioluminescence firefly luciferase assay (Cell
Titer Glo, Promega) with minor modifications to the man-
ufacturer’s instructions. Briefly, the cells were resuspended
in the assay mix by thorough pipetting and transferred
into a 96-well white assay plate, previously cooled on ice.
Then luminescence signal was measured in a Tecan mi-
croplate reader at room temperature. Measurements were
acquired in a kinetics mode every 3 min, after 5 s of gentle
shaking, over 30 min. Stabilized luminescence signal from
each sample was collected and analyzed.

Mitochondrial respiration and cellular mitochondrial
content
Cellular oxygen consumption rate (OCR) was measured
using the Seahorse Mito stress kit according to the
supplier’s instructions. Apart from the basal OCR, a
combination of pharamcological agents (components of
the Seahorse Mito Stress test) enables the assessment of
different aspects of cellular respiration. These include
non-mitochondrial (NM) respiration, maximal respir-
ation (MR) and spare respiratory capacity (SRC). Opti-
mal cell density and concentrations of drugs for the
assay were established according to the kit instructions/
parameters. Then, 30,000 cells/well were seeded in a 96-well
microplate (included in the kit) and transfections were car-
ried out (Mock, ASyn-WT or ASyn-A53, all ± eEF2K
siRNA). OCR measurements were performed in a Seahorse
XF analyzer according to the assay guidelines. Basal OCR
was measured over 20 min (4 cycles, 5 min/cycle), followed
by exposure to oligomycin, ATP synthase inhibitor (2 μM),
carbonilcyanide p-triflouromethoxyphenylhydrazone-FCCP,
oxidative phosphorylation uncoupler (0.5 μM) and rote-
none/antimycin, complex I and III inhibitor respectively
(0.5 μM). After injection with each drug, OCR was mea-
sured over 15 min (4 cycles, 5 min/cycle). After the assay
completion, the cells were gently rinsed with PBS and
homogenized by pipetting in ice cold 50 μl RIPA lysis buffer
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(25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS, protease inhibitors and
phosphatase inhibitors cocktail). Then, the cell lysate was
transferred into microtubes, centrifuged (10,000 rpm,
10 min, 4 °C) and 25 μl of supernatant was transferred into
a 96-well assay plate. Total protein in samples was deter-
mined by BCA protein assay (Pierce, #23225). OCR data
was normalized to the protein content/well.
Mitochondrial content (mass) in differentiated N2A

cells ± eEF2K kd was determined by labelling with
Mitotracker fluorescent dye, and by quantification of
mitochondrial DNA copy number. For the Mitotracker
assay, cells were incubated with 50 nM Mitotracker
Green FM reagent for 30 min in fresh medium. The cells
were trypsinized, and centrifuged as described under the
PI assay, and resuspended in 500 μl of sterile ice-cold
PBS containing 20% FBS. Control cells without Mito-
tracker dye treatment were used as the background
fluorescence signal. Separately, mitochondrial DNA
(mtDNA) quantification was carried out by RT-PCR as
described [47]. Briefly, nuclear DNA and mtDNA were
isolated from differentiated N2A cells ± eEF2K using a
Qiagen All Prep kit (#80204). Isolated samples were son-
icated, then diluted to contain either 10 ng or 1 ng of
DNA. This was used as an internal control to ensure
that the ratio of mtDNA to nuclear DNA remained con-
stant at different concentrations. qPCR was run on a
Quant Studio 6 instrument using Fast SYBR Green Master
Mix (ThermoFisher, #4309155). The primer sequences used
for qPCR are as follows: mouse mitochondrial marker-
mMito (forward, 5’-CTAGAAACCCCGAAACCAAA-3′;
reverse, 5’-CCAGCTATCACCAAGCTCGT-3′) and mouse
beta-2-microglobulin- mB2M (forward, 5’-ATGGGAAGC
CGAACATACTG-3′; reverse: 5’-CAGTCTCAGTGGGG
GTGAAT-3′). In each sample, mtDNA was quantified as a
ratio of mtDNA to nuclear DNA (mtDNA/N) and were
expressed as mtDNA copy numbers.

ROS measurements
For ROS detection, cells were incubated with 5 μg/mL 2,
7-dichlorofluorescein diacetate- DCFDA for 30 min in
fresh medium. The cells were gently trypsinized (0.05%
Trypsin-EDTA), centrifuged (1100 rpm, 5 min, 4 °C) and
resuspended in 500 μl of sterile ice-cold PBS containing
20% FBS and 0.001% PI. After transferring into FACS tubes,
on ice, the cells were analyzed on a FACSCalibur-Tangerine
flow cytometry instrument as described previously [28].
During the analysis, dead cells were excluded from analysis
based on PI staining. Control cells without DCDFA treat-
ment were used as the background fluorescence signal.

Western blotting
Whole brain tissue homogenates from euthanized M83+/+

mice were prepared in RIPA buffer (25 mM Tris-HCl

pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS, protease inhibitors and phosphatase inhibitors
cocktail). For cellular assays, the cells were washed (ice cold
PBS, 2–3 times) and lysed in RIPA buffer. Then, the mouse
brain homogenates or cell lysates were briefly sonicated on
ice and centrifuged (12,000 rpm, 15 min, 4 °C). Supernatant
was collected and protein quantitation was done using BCA
protein assay (Pierce, #23225). Then 25–40 μg of total pro-
teins per sample were electrophoresed on 8% or 10%
Bis-Tris acrylamide gels. Proteins were transferred onto a
nitrocellulose membrane, incubated in blocking buffer
(Li-Cor, #927–50,100]), and probed with following primary
antibodies: eEF2K (Abcam, #46787), p-eEF2 Thr56 (Cell
Signalling, #2331), eEF2 (Cell Signalling, #2332), ASyn
(Santa Cruz #sc-12,767), p-ASyn Ser129 (Abcam, #168381,
MJF-R13), and GAPDH (Cell Signaling 2118). Detection
was performed using goat anti-mouse (Li-Cor, #925–32,210)
or goat anti-rabbit (Li-Cor, #925–68,071) secondary anti-
bodies conjugated with fluorescent infrared dyes using an
Odyssey scanner (Li-Cor). Densitometry analysis was per-
formed using ImageJ (NIH) [28].

C. elegans studies
Nematode strains and culture methods
C. elegans strains N2 wild-type (referred to as
WT-N2), RB2588 efk-1(ok3609), [28] (referred to as
efk-1del), JVR107 Pdat-1::a-synuclein[A53T], [12] ((re-
ferred to as ASyn (A53T)), and STE120 efk-1(ok3609);
Pdat-1::a-synuclein[A53T] ((generated herein, referred
to as ASyn (A53T)/efk-1del)) were grown on Nematode
Growth Medium (NGM) lite plates at 20 °C and with E.
coli OP50 as food source, as described [28]. We used
standard sodium hypochlorite bleaching and L1 stage star-
vation to generate synchronized populations, which were
then allowed to grow for 72 h, i.e. until day two of adult-
hood; all assays were performed at that stage.

Dopamine-dependent behaviour assays
Ethanol avoidance assay
Ethanol avoidance assays were done as described [12], on an
unseeded 15 mm×60 mm plate divided into four quadrants
with a circle of 1 cm in diameter in between. Then, 1cm3

agarose chunks were soaked in ice-cold ethanol overnight,
and placed 0.5 cm from the edge of the plate in the centre
of two opposing quadrants, while the other two quadrants
remained untreated. Ethanol was allowed to diffuse in media
for 2 h. Actively growing day 2 old adult worms were
washed five times with M9 buffer, and 150–200 worms were
placed in the centre of the plate, and allowed to move for
1 h at 20 °C. Then, worms were counted manually and
ethanol avoidance was calculated as [(number of worms in
control quadrants)− (number of worms in ethanol quad-
rants))/(total number of worms)]. Three assay plates were
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used for each strain, and a minimum of three biological rep-
licates was performed.

Pharyngeal pumping assay
The pharyngeal pumping rate was measured by manually
counting the number of pumps made by each worm on
seeded plate for 30 s using a Leica M205FA microscope. A
total of 10–15 worms were used for each replicate. The
assay was repeated at least three times on separate worms.

Area-restricted searching assay
Area-restricted searching assays were done as described
[13]. Worms were washed very quickly to remove bacteria,
and 10–15 worms were placed on an unseeded plate. To
record the turning frequency, worms were videotaped at in-
tervals of 5 and 30 min for one minute using a MoticamX
camera mounted on a Leica M205FA microscope. Video-
tapes were analyzed manually to count the number of
high-angled turns, i.e. those that exceeded 90°, including re-
versals and omega turns. The area-restricted searching ratio
was calculated as [(number of turns/worm at 5 min)/(num-
ber of turns per worm at 30min)]. A minimum of three
replicates was performed for this assay.

Statistics
The data were analyzed in Graphpad Prism software
(version 5) or Microsoft Excel 2010, and graphs were
made in Microsoft Excel 2010. Statistical differences
between two sets of data were calculated by Mann-Whitney
nonparametric test or unpaired T-test, as indicated in the
figure legends. Multiple column datasets were analyzed by
One-way ANOVA followed by Bonferonni posthoc analysis.
Longitudinal analysis was performed by Two-way ANOVA.

Results
eEF2K expression and activity are increased in PD brain
Using postmortem brain sections from midbrain and
hippocampus of controls and PD patients (Additional file 1:
Table S1), we performed immunohistochemistry (IHC) ana-
lysis of eEF2 phosphorylation on threonine residue 56
(p-eEF2, T56), which reflects eEF2K activity [42, 57]. In
parallel, using serial sections, we also assessed the phos-
phorylation of AS on serine residue 129 (p-ASyn, S129) by
IHC, as it is a robust marker for AS Lewy pathology (~ 90%
S129 phosphorylated AS is found in inclusions) [2, 65]. To
avoid ambiguity with neuromelanin pigment found in
dopaminergic neurons in substantia nigra (SN) with DAB
IHC staining, we employed a modified IHC protocol [52]
in order to effectively destain/bleache neuromelanin in
midbrain sections without adversely affecting p-eEF2 (T56)
IHC staining (Additional file 1: Figure S1a-b). Our data
show that p-eEF2 (T56) immunostaining is increased in SN
and periaqueductal gray (PAG) matter (gray matter sur-
rounding cerebral aqueduct) in PD midbrain sections

compared to controls (Fig. 1a-b; additional controls shown
in Additional file 1: Figure S2a; additional PD cases are
shown in Additional file 1: Figure S3a; quantitation of
p-eEF2 IHC staining is presented in Fig. 3a). We observed
that p-eEF2 IHC staining was predominantly in neurons in
SN and PAG in PD cases, and in some glial cells in SN (for
instance in PD-2, Fig. 1b; PD-3 and PD-4, Additional file 1:
Figure S3a). As expected, we observed Lewy body path-
ology (p-ASyn, S129) characteristic of PD in both of these
midbrain regions in PD cases but not in controls (Fig. 1a-b;
Additional file 1: Figure S2a, S3a). Accordingly, Lewy body
inclusion pathology was seen in most PD cases both in SN
and PAG, with some lewy neurites in SN (PD-2, Fig. 1b;
PD-6, Additional file 1: Figure S3a) and PAG area (PD-2,
Fig. 1b; PD-3 and PD-5, Additional file 1: Figure S3a). Then,
by using immunofluorescence, we assessed whether p-eEF2
(T56) immunopositivity potentially colocalizes with p-ASyn
(S129), or p-eEF2 (T56) is a possible component of lewy
body pathology. While we observed some neurons in PD
SN which were clearly positive for both p-eEF2 (T56) and
p-ASyn (S129), we also found substantial p-eEF2 (T56)
immunopositivity in cells without p-ASyn (S129) and vice
versa (Additional file 1: Figure S4b).
Previous reports, including our own published data,

show that phosphorylation of eEF2 (p-eEF2, T56) is
strongly increased in postmortem hippocampus and
mesial temporal cortex in AD, the major neurodegen-
erative disease with dementia [28, 43, 46]. Among the
PD cases examined here, PD-1 and PD-5 were also
clinically diagnosed with PD with dementia (PDD),
which is usually seen in longstanding PD [1, 2]. There-
fore, we assessed p-eEF2 (T56) in postmortem hippo-
campus sections from control and PD cases. We
found increased p-eEF2 IHC staining in hippocampal
CA1 and CA2 (CA, cornu ammonis) fields in PD cases
compared to controls, predominantly in neurons
(Fig. 2a-b; additional controls shown in Additional file
1: Figure S5a-b; additional PD cases shown in Add-
itional file 1: Figure S6a, panoramic views; Additional
file 1: Figure S7a-b, magnified field views; quantitation
of p-eEF2 IHC staining in areas CA1-CA2 is presented
in Fig. 3a). There was little or none p-eEF2 immuno-
positivity in CA3 and dentate gyrus (DG) in all PD
cases, except PD-1 and PD-3 (CA3, Additional file 1:
Figure S7a-b). We also assessed Lewy body pathology
in hippocampal sections from these control and PD
cases, since Lewy pathology in hippocampus is found
at advanced neuropathological stages of PD (Braak PD
staging, stages 4–6) [1, 36]. Our IHC analysis for
p-ASyn (S129) showed varying degrees of Lewy body
inclusions (PD-1 and PD-2, Fig. 2b; PD-3 and PD-6,
Additional file 1: Figure S7b) and Lewy neurites path-
ology (PD-1 and PD-2, Fig. 2b; PD-6, Additional file 1:
Figure S7b), with pronounced involvement of hippocampal
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CA2 field in most PD cases (Fig. 2a-b and Additional file 1:
Figure S7a-b).
We also queried multiple transcriptome datasets

publicly available in the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus
(GEO) platform for eEF2K mRNA expression in PD
brain. Significantly increased eEF2K mRNA expression
was found in Striatum (Fig. 3b, GEO accession #
GSE28894), medial substantia nigra (Fig. 3c, GEO ac-
cession # GSE8397), and dorsal nucleus of vagus
(dmX) (Fig. 3d, GEO accession # GSE43490). Collect-
ively, these data provide strong evidence for aberrant
eEF2K expression and activity in PD brain. Finally, we
also performed quantitative PCR in cultured midbrain
organoids derived from human iPSCs [3, 49], and
found significantly increased eEF2K mRNA expression

in A53T mutant AS carrying organoids compared to
wild type controls (Fig. 3e).

eEF2K expression and activity are increased in M83+/+

transgenic PD mouse brains subsequent to induction of
AS neuropathology
To further establish the relevance of eEF2K to AS-related
pathology in PD, we analyzed brain eEF2K expression in
transgenic PD M83+/+ mice, subsequent to induction of AS
pathology by intramuscular injection of pre-formed fibrillar
PFF AS [20, 58]. Within 8–10 weeks post-injection, the PFF
AS injected M83+/+ mice show profound motor neuron
loss, AS inclusions, progressive motor deficits and reduced
survival at much earlier ages than native M83+/+ mice [58].
For these analyses, PFF AS injected M83+/+ mice (injected
at 2–3 months of age) were used after 8–10 weeks

a

b

Fig. 1 Immunostaining for phospho-eEF2 (p-eEF2, Thr56) and phospho-AS (p-ASyn, Ser129) in postmortem control and PD midbrain serial sections.
a-b p-eEF2 (T56) and p-ASyn (S129) IHC in postmortem midbrain serial sections from one control (a) and two PD cases (b). IHC staining
for p-eEF2 is predominantly seen in neurons in both cases, and possibly glial cells in substantia nigra in PD-2. Substantia nigra in both cases shows
involvement by lewy body-LB pathology (p-ASyn, S129); while in periaqueductal gray matter, LB inclusions are seen in PD-1 and some lewy neurites
are seen in PD-2. Additional control and PD midbrain IHC data are presented in Additional file 1: Figure S2-S3, and case details are included in
Additional file 1: Table S1. (SN- substantia nigra; PAG- periaqueductal gray matter; scale bar, 100 μm; insets show 40× magnified view in each image)
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post-injection when typical motor abnormalities such as
hindlimb paralysis (Additional file 1: Figure S8a) and severe
hindlimb clasping behaviour (Additional file 1: Figure
S8b-c) were evident. Our data show that compared to PBS
injected M83+/+ mice, brain eEF2K mRNA expression is re-
markably increased (~ 5–6 fold) in PFF AS injected M83+/+

moribund (clasping score 3, see Materials and Methods)
mice (Fig. 4a). Accordingly, we also found increased eEF2K
activity (p-eEF2, T56) and induction of pathological AS
phosphorylation (p-ASyn, S129) by western blotting in PFF
AS injected M83+/+ (Fig. 4b-c). These data further support
our hypothesis regarding a role of eEF2K in AS
neurotoxicity.

AS overexpression increases eEF2K activity, while eEF2K
inhibition reduces AS cytotoxicity in dopaminergic N2A cells
As mentioned above, AS-induced neurotoxicity is con-
sidered to play an important role in neurodegeneration

in PD [39, 71]. Indeed, overexpression of AS in cultured
cells promotes AS aggregation, increases oxidative stress,
and reduces cell survival [4, 8]. This has been observed
for the wild-type and mutant forms of AS, including the
A53T mutant AS, which accelerates AS aggregation and
pathology [39, 41]. To study the effects of eEF2K inhibition
on AS toxicity, we employed differentiated mouse neuro-
blastoma N2A cells overexpressing either wild-type AS
(ASyn-WT) or the A53T mutant (ASyn-A53T) +/− siRNA
mediated eEF2K knockdown (kd), and measured cytotox-
icity in these cells. Differentiated N2A cells exhibit many
features of mature dopaminergic neurons including func-
tional neurotransmitter receptors [63], and are widely used
to study the toxicity of amyloid proteins [14, 28].
Overexpression of ASyn-WT or ASyn-A53T increased

p-eEF2 (T56) levels in N2A cells, which was reduced by
eEF2K kd (Fig. 5a-b). We then assessed AS cytotoxicity by
measuring the activity of lactate dehyrogenase (LDH) in

a

b

Fig. 2 Immunostaining for phospho-eEF2 (p-eEF2, Thr56) and phospho-AS (p-ASyn, Ser129) in postmortem control and PD hippocampus serial
sections. a-b p-eEF2 (T56) and p-ASyn (S129) IHC in postmortem hippocampus serial sections from one control (a) and two PD cases (b). IHC staining
for p-eEF2 in PD cases is seen predominantly in CA1 and CA2 neurons. Lewy body inclusions and neurites (p-ASyn, S129) are seen in both PD cases,
with pronounced involvement of CA2. IHC data concerning CA3 and dentate gyrus from PD-1 and PD-2 are included in Additional file 1: Figure S7a.
Additional control and PD hippocampus IHC data are presented in Additional file 1: Figure S5-S7, and case details are included in Additional file 1:
Table S1 (CA1 and CA2- hippocampal cornu ammonis fields 1 and 2 respectively; scale bar, 100 μm; insets show 40× magnified view in each image)
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the culture medium. LDH is a cytoplasmic enzyme re-
leased under conditions of cell membrane damage and
during toxic stress in neuronal cultures [37]. As expected,
overexpression of ASyn-WT or ASyn-A53T led to in-
creased LDH release (72 h post-transfection), which was

reduced significantly by eEF2K kd in both ASyn-WT or
ASyn-A53T expressing cells (Fig. 5c). Next, we measured
cytotoxicity in these cultures by labelling with propidium
iodide (PI), another cell permeable marker of cell death.
Overexpression of ASyn-WT or ASyn-A53T resulted in
increased cell death (72 h post-transfection), as measured
by flow cytometry analysis of PI staining, and eEF2K kd
significantly improved viability in these cultures (Fig. 5d).

eEF2K inhibition mitigates AS induced mitochondrial
dysfunction and oxidative stress in N2A cells
Next, we assessed whether the cytoprotective effects
of eEF2K inhibition against AS toxicity are mediated
by changes in mitochondrial function, since AS in-
hibits mitochondrial respiration and complex I activity
[8, 55]. First, we characterized cellular respiration
(oxygen consumption rate, OCR) in differentiated
N2A cells following eEF2K kd without ASyn overex-
pression. This is important since eEF2K regulates
highly energy consuming process of elongation during
mRNA translation, and we wanted to assess if pos-
sible metabolic reprogramming in cells due to eEF2K
inhibition does not impair mitochondrial function [15,
34]. Intriguingly, N2A cells with eEF2K kd exhibited
significantly higher OCR under basal conditions, and
maximal respiration subsequent to the treatment with
FCCP (uncoupler of oxidative phosphorylation) than
control cells (Additional file 1: Figure S9a). To inves-
tigate if the increased respiration in eEF2K kd cells
under basal conditions is linked to an increase in the
mitochondrial mass, we quantified mitochondrial con-
tent in control and eEF2K kd cells. However, there
were no significant differences in mitochondrial mass
by flow cytometry analysis using the fluorescent Mito-
tracker reagent (Additional file 1: Figure S9b), or by mito-
chondrial mtDNA quantification (Additional file 1: Figure
S9c). These data demonstrate healthy mitochondrial func-
tion in eEF2K kd cells, and suggest that, compared to
control cells, cellular respiration in eEF2K kd cells is
increased predominantly due to enhanced mitochon-
drial respiration (Additional file 1: Figure S9a; com-
pare changes in basal respiration and maximal
respiration in control vs. eEF2K kd cells) without sig-
nificant changes in mitochondrial content (Additional
file 1: Figure S9b-c).
Having established that eEF2K kd per se does not

negatively affect mitochondrial function in N2A cells,
we proceeded to assess the effects of eEF2K kd on AS
induced mitochondrial dysfunction [8, 27]. We investi-
gated this activity in differentiated N2A cells with over-
expression of ASyn-WT or ASyn-A53T +/− eEF2K kd
(72 h post-transfection). There was a noticeable reduc-
tion in basal OCR in cells overexpressing ASyn-WT, or
ASyn-A53T compared to mock transfected cells

a

c d e

b

Fig. 3 eEF2K expression and activity in PD brain. a Quantitation of p-eEF2
(T56) IHC (3,3′-Diaminobenzidine-DAB staining) in postmortem
hippocampus- Hip (CA1 and CA2 fields) and midbrain- MB (SN-substantia
nigra, and PAG-peri-aqueductal gray matter) sections from 3 control and 6
PD cases (Additional file 1: Table S1; counts from at least 6 high power
fields from each control or PD section; Mann–Whitney test, *p < 0.05,
***p < 0.005; error bars indicate Mean ± S.D.). b-d eEF2K mRNA
expression in control and PD striatum (b), medial substantia nigra (b)
and dorsal nucleus of vagus nerve (d). The following publicly available
transcriptomic profile datasets were analyzed on the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO)
platform: Striatum (b)- dataset GEO accession # GSE28894, Illumina
human Ref-8 v2.0 expression beadchip platform, probe ID ILMN_1789171,
controls n= 15 and PD n= 15; Medial substantia nigra (c)- dataset GEO
accession # GSE8397, Affymetrix Human Genome U133B Array, probe ID
225546_at, controls n = 8 and PD n = 15; Dorsal nucleus of vagus
(d)- dataset GEO accession # GSE43490, Agilent-014850 Whole Human
Genome Microarray, probe ID A_24_P716162, controls n=6 and PD n= 7.
(Mann–Whitney test, *p< 0.05; error bars in 3b-d indicate Mean± S.D.). e
Relative eEF2K mRNA expression in human iPSCs derived cultured
midbrain control (WT, n= 3) or A53T (n=2) mutation carrying organoids
(T-test, *p< 0.05; error bars indicate Mean± S.D.)
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(Fig. 6a). eEF2K kd led to significant improvement of
the OCR under all conditions (compare Mock control
vs. Mock+sieEF2K, ASyn-WT vs. ASyn-WT + sieEF2K
and ASyn-A53T vs. ASyn-A53T + sieEF2K; Fig. 6a).
Then, we measured cellular ATP levels under identical
conditions, and found that overexpression of ASyn-WT
or ASyn-A53T significantly reduced cellular ATP con-
tent reflecting AS toxicity (Fig. 6b). While eEF2K kd
had negligible effect on ATP content in mock trans-
fected cells, it attenuated the loss of ATP in ASyn over-
expressing cells (compare ASyn-WT vs. ASyn-WT +
sieEF2K and ASyn-A53T vs. ASyn-A53T + sieEF2K; Fig.
6b). Together, these data suggest that transient AS (WT
or A53T) overexpression is associated with mitochon-
drial dysfunction in these dopaminergic cultures, which
is rescued by eEF2K kd.
Mitochondrial dysfunction, including complex I in-

hibition, is associated with increased production of re-
active oxygen species (ROS) and oxidative stress in cells
[44]. As mentioned earlier, these processes, i.e., im-
paired mitochondrial function and increased ROS, are
also implicated in AS toxicity [4]. Indeed, previous
studies have shown that ROS levels are increased in AS
overxpressing cells [27, 32]. Accordingly, we found that
overexpression of ASyn-WT or ASyn-A53T increased
ROS levels compared with mock transfected cells, as
measured by flow cytometry analysis of the ROS detec-
tion reagent, DCFDA (Fig. 6c). Moreover, we found that
eEF2K kd significantly reduced ROS in these cultures,
in line with previously reported effects of eEF2K inhib-
ition on cellular ROS levels [10, 28]. Collectively, these
data suggest a role of eEF2K in AS toxicity (Fig. 5a-b),
and demonstrate that eEF2K inhibition reduces AS tox-
icity by improving mitochondrial function and reducing
ROS (Fig. 6a-c).

Deletion of efk-1 improves dopaminergic neuronal function
in a C. elegans model of AS neurotoxicity
To assess the in vivo impact of eEF2K inhibition as a means
of improving AS-mediated neurotoxicity, we used a C.
elegans model of PD. C. elegans possess four bilaterally
symmetric pairs of dopaminergic neurons that are critical
for adaptations to mechanosensory stimuli, and for the
regulation of complex behaviours such as foraging, move-
ment, and egg-laying [50, 69]. Accordingly, this worm
model is widely used in PD research to investigate the sig-
nificance of specific mutations and variations, and to screen
for candidate disease-modifying small molecules [70]. We
studied a previously generated C. elegans strain that trans-
genically expresses human AS A53T mutant, which results
in age-related degeneration of dopaminergic neurons and
in defects in dopaminergic function in these worms [12].
Using this strain, we assessed dopaminergic neuron function
with or without concomitant deletion of efk-1, the eEF2K
ortholog in worms [(ASyn (A53T) and ASyn (A53T)/efk-1del
strains; see Materials and Methods)]. We assessed the effects
of efk-1 deletion in A53T AS expressing worms in three
behavioural responses that are considered to be mediated
predominantly by dopaminergic neurons in worms: ethanol
avoidance, pharyngeal pumping, and area restricted search-
ing (see Materials and Methods). We hypothesized that, in
view of the cytoprotective effects of eEF2K inhibition against
AS toxicity in cultured dopaminergic N2A cells (Figs. 5-6),
efk-1 deletion would improve AS-A53T-induced dopamin-
ergic neuron dysfunction in worms.
In ethanol avoidance assays, worms exhibit an aversive

response to acute ethanol exposure and this response is
dependent on adequate sensory motor co-ordination
[40]. Notably, efk-1 deletion alone had no significant
effects on this response (Fig. 7a; compare WT (N2)
worms with efk-1del), while, as previously reported,

a b c

Fig. 4 Brain eEF2K expression and activity in transgenic M83+/+ PD mice. a eEF2K mRNA levels in whole brain homogenates from transgenic M83+/+ PD mice
intramuscularly (IM) injected bilaterally with phosphate buffered saline (PBS, n=10) or pre-formed fibrillar (PFF, n=13) mouse wild type AS. (Mann–Whitney test,
***p < 0.005; error bars indicate Mean ± S.D.). b-c Western blot analysis of p-eEF2 (T56) and p-ASyn (S129) in whole brain homogenates from
transgenic M83+/+ PD mice intramuscularly (IM) injected bilaterally with phosphate buffered saline (PBS) or pre-formed fibrillar (PFF) mouse wild type
AS (b), and corresponding densitometry analysis (c) (n = 7/group; Mann–Whitney test, *p < 0.05, ***p < 0.005; error bars indicate Mean ± S.D.)
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expression of ASyn-A53T led to a worsened response
(Fig. 7a) [12]. Importantly, loss of efk-1 completely
rescued the reduced ethanol avoidance of ASyn-A53T
expressing worms [(Fig. 7a; compare ASyn (A53T) with
ASyn (A53T)/efk-1del)]. In pharyngeal pumping assays,
rhythmic contractions (pumping) of the pharynx serve
as marker of neuromuscular function and rely on a com-
plex neural integration within the autonomic activity
[64]. This response is essential for feeding and gener-
ation of consequent isthmus peristalsis. As expected, we
observed no difference in the pharyngeal pumping activ-
ity between wild type worms and worms lacking efk-1
[(Fig. 7b; compare WT (N2) with efk-1del)]. ASyn-A53T
expressing worms showed a modest, but significant, re-
duction in pumping activity, which was restored signifi-
cantly in ASyn-A53T worms with efk-1 deletion [(Fig.
7b; compare ASyn (A53T) with ASyn (A53T)/efk-1del)].

Finally, the area-restricted search behaviour reflects for-
aging, such that the worms show an adaptive response
by reducing turning frequency to the presence of food;
this response is mediated by neural circuits involving dopa-
minergic and glutamatergic signalling [24]. As seen with the
other two assays, efk-1 deletion alone negligibly affected the
performance of worms in the area restricted search assay
[(Fig. 7c; compare WT (N2) worms with efk-1del)], whereas
ASyn-A53T mutant expressing worms showed significant
defects in this assay (Fig. 7c) as reported previously [12]. Crit-
ically, this defect was completely rescued in ASyn-A53T
worms lacking efk-1 [(Fig. 7c; compare ASyn (A53T) with
ASyn (A53T)/efk-1del)]. Taken together, efk-1 deletion im-
proves three independent behaviours known to rely domin-
antly on normal dopaminergic neuron function. These data
support our hypothesis and demonstrate that efk-1 deletion
mitigates the deleterious effects of ASyn (A53T) on the

a

c d

b

Fig. 5 Effects of eEF2K inhibition on human AS cytotoxicity in differentiated N2A cells. a-b Western blot analysis of p-eEF2 (T56) levels in N2A
cells subsequent to transient overexpression of human wild type or mutant A53T AS, with or without siRNA mediated eEF2K knockdown (a), and
corresponding densitometry analysis (b) (n = 6–9/group from three independent experiments; One-way ANOVA post-hoc Bonferroni test, *p < 0.05,
***p < 0.005; error bars indicate Mean ± S.E.M). c Measurements of cytotoxicity by lactate dehydrogenase-LDH release in the culture medium (c) and
FACS analysis of propidium iodide-PI staining (d) in N2A cells subsequent to transient overexpression of human wild type or mutant A53T AS, with or
without siRNA mediated eEF2K knockdown (n = 9–12/group from three independent experiments; One-way ANOVA post-hoc Bonferroni
test, *p < 0.05, **p < 0.01, ***p < 0.005, NS = not significant; error bars indicate Mean ± S.D.)
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function of neural circuits involving dopaminergic neurons
in C. elegans, and further point to an in vivo role for eEF2K
signaling in AS-mediated neurotoxicity.

Discussion
Principally driven by the early genetic findings in inherited
PD and PD neuropathology, a significant effort in the
discovery of novel therapies in PD and other synucleino-
pathies has been to target AS production and/or aggrega-
tion [39, 71]. Although such studies have shown
promising results in preclinical research, their translation
into clinically implementable therapies has yet to be real-
ized [71]. An additional area of research in potential ther-
apies in PD has been to address AS neurotoxicity, and to
target cellular mechanisms that potentially render neurons
susceptible to AS neurotoxicity [38].
Our data suggest that eEF2K is one possible mechanism

that is pathologically involved in AS-mediated toxicity, and
that its inhibition represents a novel therapeutic strategy in
PD. Our findings demonstrate that eEF2K activity is in-
creased in postmortem PD midbrain (substantia nigra and
periaqueductal gray matter) and in hippocampus (CA1 and
CA2 regions), with the concomitant presence of Lewy
pathology (phosphorylation of AS on Ser-129). Additionally,
analysis of publicly available microarray datasets revealed in-
creased eEF2K expression in striatum, medial substantia
nigra and dorsal nucleus of vagus (dmX) in PD. Hence, dys-
regulated eEF2K expression and/or activity are observed in
multiple brain regions that are affected in PD. We further
show that induction of aggressive AS pathology in M83+/+

transgenic PD mice, by intramuscular PFF AS injection, is
associated with enhanced brain eEF2K expression and
activity. In addition, transient overexpression of AS (WT or
A53T mutant) is associated with cytotoxicity and oxidative
stress in dopaminergic N2A cells, and leads to eEF2K activa-
tion in these cultures. Moreover, eEF2K inhibition mitigated
the cytotoxic effects of AS overexpression in cells and pre-
vented the deficits in dopaminergic function in C. elegans
due to transgenic AS-A53T expression. These observations
are supported by previous reports showing that eEF2K

a

b

c

Fig. 6 Effects of eEF2K inhibition on mitochondrial dysfunction and
oxidative stress induced by human AS in differentiated N2A cells. a-b
Measurements of basal oxygen consumption rate-OCR (b) and ATP levels
(c) in N2A cells subsequent to transient overexpression of human wild type
or mutant A53T AS, with or without siRNA mediated eEF2K
knockdown (n = 9–12/group from three independent experiments;
Unpaired T-test, *p < 0.05, **p < 0.01, ***p < 0.005; error bars
indicate Mean ± S.D.). c Flow cytometry analysis of reactive oxygen
species (ROS), measured by DCFDA staining, in N2A cells subsequent
to transient overexpression of human wild type or mutant A53T AS,
with or without siRNA mediated eEF2K knockdown (n = 9/group from
three independent experiments; Unpaired T-test, *p < 0.05, **p < 0.01,
***p < 0.005; error bars indicate Mean ± S.D.)
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inhibition reduces oxidative and ER stress, processes associ-
ated with AS toxicity [6, 10, 28].
It is noteworthy that brain areas showing increased

eEF2K activity in PD cases examined here are part of
distinct neurotransmitter networks that are affected at dif-
ferent neuropathological stages in PD [7, 65]. Considering
the neuronal populations found in these distinct anatom-
ical brain areas and their connectivity, it has been postu-
lated that the clinical spectrum of PD symptoms (i.e.,
motor, autonomic or cognitive) may arise depending on
the extent of Lewy pathology and/or cell loss [7, 33]. From
a neurological perspective, it is commonly thought that
the lesions in the striatum or substantia nigra underlie the
motor symptoms due to neurotransmitter imbalance in
the nigrostriatal system causing defective motor control
and muscle tone, and this assertion is supported by the
studies in animal models [18]. Furthermore, the loss of
cholinergic projections from dorsal nucleus of vagus
(dmX) is implicated in the autonomic dysfunction in PD
[65]. The periaqueductal gray (PAG) matter is also af-
fected with AS inclusions in PD, Dementia with Lewy
bodies (DLB), and Multiple system atrophy (MSA) [61].
This cell dense region harbours many distinct neuronal
populations with projections linking forebrain and lower
brain stem, and in mammals is involved in autonomic
control, cardiovascular function, pain modulation, wake-
fulness, rapid eye movement (REM) sleep and vocalization
[55]. Finally, Lewy body pathology is present in hippocam-
pus at advanced neuropathological stages in PD, and
thought to underlie cognitive symptoms [7, 33, 65].
The significance of enhanced eEF2K expression and/or ac-

tivity in the aforementioned brain areas in PD remains un-
known. Given the critical role of eEF2K in dendritic mRNA
transaltion and synaptic integrity [34], it is plausible that ab-
errant eEF2K activity may underlie the dysfunction in these
neuronal populations. Supporting this, some studies suggest
a role for eEF2K in synaptic plasticity, in particular
mGluR5-mediated long-term depression [66], a mechanism
purported to underlie synaptic dysfunction in AD and other
neuropsychiatric conditions [11]. Furthermore, eEF2K activ-
ity is also increased upon exposure to excitatory stimuli in
neuronal cultures [23, 35, 66], and in response to nutrient
deprivation (by energy sensor AMP-activated kinase). How-
ever, it remains to be established whether some of the afore-
mentioned stimuli enhancing eEF2K activity also underlie
increased eEF2K activity in PD. In this regard, activity of
AMP-kinase, an important regulator of eEF2K in response
to metabolic stimuli, is increased in cells and/or rodents
after exposure to mitochondrial toxins (e.g., MPTP, rote-
none) [9, 36]. In postmortem PD brain, activated AMPK has
been detected near the rim of Lewy bodies in the cytoplasm
as opposed to nuclear staining in controls [30]. However,
the beneficial effects of AMPK inhibition in PD models have
not been conclusively established [17], and in some studies

a

b

c

Fig. 7 Effects of efk-1 deletion on ethanol avoidance, pharyngeal
pumping, and area restricted searching behavior in C. elegans expressing
human AS-A53T. a-c Analysis of ethanol avoidance (n=100–150 worms/
measurement) (a), pharyngeal pumping (n=10–15 worms/measurement)
(b), and area restricted searching behavior (n=10–15 worms/
measurement) (c) in control (wild type N2) worms, in efk-1(ok3609) null
mutant worms (efk-1del), in worms expressing human mutant AS-A53T
(Pdat-1::a-synuclein[A53T]), and in efk-1(ok3609) null mutant worms
expressing AS-A53T (efk-1(ok3609); Pdat-1::a-synuclein[A53T]). Statistical
analysis: one-way ANOVA with post-hoc Bonferroni test; *p < 0.05,
***p < 0.005, NS = not significant; error bars indicate mean ± S.E.M.
from at least three independent experiments

Jan et al. Acta Neuropathologica Communications  (2018) 6:54 Page 13 of 17

124

Appendix B Original article: Activity of translation regulator eukaryotic
elongation factor–2 kinase is increased in Parkinson's disease brain and its

inhibition reduces α–synuclein toxicity



AMPK activation is protective [51]. A recent report showed
aberrations in the expression of factors controlling protein
synthesis (e.g., ribosomal proteins, translation initiation and
elongation factors) in postrmortem PD brain, including re-
duced eEF2 levels in PD midbrain and cortex [19], support-
ing the notion of dysregulated mRNA translation in PD.
Determining whether increased eEF2K activity plays a role
in the synaptic defects of PD, or occurs due to aberrations
within the translational machinery, represents a challenging
task due to the complex nature of PD etiology and the pos-
sible involvement of multiple neurotransmitter systems as
the disease progresses. For simplicity, it is plausible to sug-
gest that increased eEF2K activity may be part of some
stress-adaptive pathway, which plays a protective role in the
short term under disturbed cellular homeostasis. However,
chronic overactivation of this pathway in pathological states
may be detrimental due to aberrations in mRNA transla-
tion and dendritic protein synthesis [28, 46].
From a therapeutic perspective, development of

novel eEF2K inhibitors is actively being pursued to-
wards novel experimental therapies in cancer due to
its role in metabolic adaptations in cancer cells for
survival under nutrient deprivation, including nervous
system malignancies [16, 34, 42]. Here, we show that
eEF2K inhibition augments mitochondrial respiration,
reduces oxidative stress and prevents AS toxicity in
dopaminergic N2A cells. The mechanism of increased
mitochondrial function subsequent to eEF2K inhib-
ition in dopaminergic N2A cells remains to be deci-
phered. We previously reported that eEF2K inhibition
in dopaminergic N2A cells induces an NRF2 antioxi-
dant response, and blocks the toxicity of Aβ oligo-
mers in neuronal cultures [28]. NRF2 is a master
regulator of cellular redox homeostasis under physio-
logical and pathological conditions due to its ability
in controlling the expression of antioxidant genes
[31]. However, NRF2 is also known to regulate cellu-
lar metabolism (e.g., glutamine biogenesis), and affects
mitochondrial structure and function such as ATP pro-
duction, fatty acid oxidation and structural integrity [26,
48]. Accordingly, cells and mitochondria derived from
NRF2 knockout mice show reduced respiration, lower
ATP levels and impairments in mitochondrial fatty acid
oxidation [25, 45]. Furthermore, several small molecules
activators of NRF2 pathway have shown beneficial effects
in restoring mitochondrial function under conditions of
redox stress in cell cultures, and also in models of neuro-
degenerative diseases [26]. One such therapeutic mol-
ecule, dimethyl fumarate (DMF, Tecfidera), used to treat
multiple sclerosis, exerts anti-inflammatory and antioxi-
dant effects in cell culture and animal studies by activating
NRF2 antioxidant response [1]. DMT administration pre-
vents neurodegeneration in mice treated with MPTP [71],
a mitochondrial toxin associated with chemically induced

parkinsonism in humans and animals [1]. In this context,
our findings raise the possibility that eEF2K can also be
targeted in PD to mitigate AS-induced oxidative stress,
and potentially neuronal dysfunction in this disease.

Conclusion
By employing multiple experimental models, our data sup-
port the relevance of eEF2K in PD, and of eEF2K inhibition
in mitigating AS-induced oxidative stress and neuronal
dysfunction. We anticipate that our findings will stimulate
further mechanistic studies and a careful evaluation of
eEF2K inhibition in PD, and potentially other neuro-
degenerative diseases.

Endnotes
1The term eEF2K activity in this manuscript denotes

phosphorylation of eEF2, the major known substrate for
eEF2K, on serine residue 56 assessed by immunohistochem-
istry, immunofluorescence or western blot.
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Abstract. Parkinson's disease is a progressive age-associated neurological disorder. One of the major neuropathological 
hallmarks of Parkinson’s disease is the appearance of protein aggregates, mainly consisting of the protein alpha-Synuclein. 
These aggregates have been described both in genetic as well as idiopathic forms of the disease. Currently, Parkinson’s 
disease patient-specific induced pluripotent stem cells (iPSCs) are mainly used for in vitro disease modeling or for 
experimental cell replacement approaches. Here, we demonstrate that these cells can be used for in vivo disease modeling. 
We show that Parkinson’s disease patient-specific, iPSC-derived neurons carrying the LRRK2-G2019S mutation show an 
upregulation of alpha-Synuclein after transplantation in the mouse brain. However, further investigations indicate that 
the increased human alpha-Synuclein levels fail to induce spreading or aggregation in the mouse brain. We therefore 
conclude that grafting of these cells into the mouse brain is suitable for cell autonomous in vivo disease modeling but 
has strong limitations beyond that. Furthermore, our results support the hypothesis that there might be a species barrier 
between human to mouse concerning alpha-Synuclein spreading.

Keywords:  Parkinson’s disease, LRRK2-G2019S, alpha-Synuclein, spreading, disease modeling

Introduction

Parkinson's disease is a progressive neurological disorder. 
It is the second most common neurodegenerative 
disease after Alzheimer’s disease. Parkinson’s disease 
is characterized by motor symptoms including tremor, 
rigidity, bradykinesia, and postural instability but 
also by non-motor symptoms as fatigue, depression, 
sleep disturbance, and dementia [1]. Although some 
symptomatic treatments exist, no preventive or disease-
modifying therapies are currently available. The major 
hallmark of Parkinson’s disease is the degeneration 
of dopaminergic neurons in the substantia nigra of 
the midbrain. It is estimated that about 30  % of the 
familial and 3-5 % of the sporadic cases are caused by 
monogenetic mutations [2]. The affected genes including 
SNCA, PINK1, Parkin, LRRK2, DJ1, ATP13A2 and VPS35 
are involved in numerous, very different biochemical 
processes, emphasizing a complex etiopathogenesis. 
Among others, cellular processes like oxidative stress, 
dysfunctional protein degradation and clearance, calcium 
dysregulation, mitochondrial dysfunction as well as 
protein aggregation (prionopathy) have been implicated 
in the etiopathogenesis of Parkinson’s disease. Although 
the majority of the Parkinson’s disease cases is of idiopathic 
origin, the clinical symptoms and the histopathology do 
not differ from the genetic Parkinson’s disease cases [2]. 
Therefore, to study genetic cases might serve as a tool 
to get more insights into the complex etiopathogenesis 
of the pathology. A major neuropathological hallmark 
of Parkinson’s disease is protein aggregates that are 
detectable in many genetic as well as idiopathic cases. 
These aggregates are called Lewy bodies (LB) and 

Lewy neurites and consist mainly of the protein alpha-
Synuclein (gene: SNCA). Several mutations in SNCA as 
well as increased SNCA gene doses have been previously 
described to cause Parkinson’s disease (reviewed in [3]). 
Interestingly, neuropathological studies suggest that Lewy 
pathology ascends from peripheral autonomic ganglia to 
brainstem nuclei and subsequently toward the neocortex 
over time [4]. The associated prionopathy hypothesis 
posits that conformationally altered alpha-Synuclein 
is transmitted between neurons and initiates protein 
aggregation in susceptible neurons [4]. This hypothesis is 
supported by the observation that alpha-Synuclein fibrils 
induce LB pathology in primary neuronal cultures as well 
as in wild-type mice [5, 6]. However, whether increased 
levels of alpha-Synuclein in a subset of cells would be 
sufficient to induce such a prion-like spreading remains 
unclear so far. 

The reprogramming of human somatic cells into 
induced pluripotent stem cells (iPSCs) was a breakthrough 
for in vitro disease modeling [7, 8]. iPSCs resemble 
embryonic stem cells in all their characteristics. Numerous 
studies used Parkinson’s disease patient-specific iPSCs 
and thereof-derived neurons to gain insights into the 
mechanisms underlying the onset and progression of 
Parkinson’s disease [9]. Among other findings, it was 
possible to demonstrate that even mutations in Parkinson’s 
disease associated genes different from SNCA, can cause 
an upregulation of the alpha-Synuclein protein levels 
[10]. However, the usage of human iPSC-derived cellular 
models under physiological conditions, e.g. via grafting in 
mice, still remains unexplored.

In this study, we used an isogenic pair of Parkinson’s 
disease patient-specific iPSCs with the G2019S mutation 
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in the gene LRRK2 and transplanted thereof-derived 
neuroepithelial stem cells (NESCs) into the striatum of 
mice. We demonstrated that in vivo differentiated neurons 
showed an upregulation of alpha-Synuclein under 
physiological conditions. However, we were unable to 
detect any spreading of alpha-Synuclein in the mouse 
brain. Our results suggest that human Parkinson’s disease 
patient-derived iPSC models were able to recapitulate 
key characteristics of the disease in vivo. Furthermore, 
they support the hypothesis that murine alpha-Synuclein 
might actually inhibit seeding and propagation of human 
alpha-Synuclein.

Material and Methods

Stem cell culture

Human induced pluripotent stem cells (iPSCs) were 
derived from an 81 old, female Parkinson’s disease patient 
carrying the LRRK2-G2019S mutation [11]. The iPSC line 
was gene corrected by using Zinc Finger Nucleases [11].
From these iPSCs, neuroepithelial stem cell (NESC) lines 
were generated and cultured as described elsewhere [12]. 
In brief, cells were cultured on Matrigel-coated plates in 
N2B27 medium (DMEM-F12 (Invitrogen)/ Neurobasal 
(Invitrogen) (50:50), 1:200 N2 supplement (Invitrogen,), 
1:100 B27 supplement w/o Vitamin A (Invitrogen) 
1:100 penicillin/streptomycin (Invitrogen), 1:100 
L-Glutamine (Invitrogen) freshly supplemented with 0.5 
µM Purmorphamine (Enzo Life Science), 3 µM CHIR 
(Axon Medchem), and 150 µM ascorbic acid (Sigma). 
Cells were split 1:10-1:15 once per week using Accutase. 
Differentiation was initiated by changing medium two 
days after splitting to N2B27 medium containing 1 µM 
PMA, 200 µM AA, 10 ng/mL BDNF (Peprotech), 10 ng/
mL GDNF (Peprotech), 1 ng/mL TGF-b3 (Peprotech), and 
500 µM dbcAMP (Sigma).

Transplantation

For surgeries 11-12 week old NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ mice were deeply anesthetized by 
isoflurane (4 % v/v for induction and 2 % v/v for 
maintenance) and bupivacain (5 mg/kg s.c.) was given 
as supplementary local analgesia before surgery. 
Additionally, buprenorphine treatment (0.1 mg/kg; s.c.;) 
was used as analgesia before and one day after surgery. 
Two weeks before transplantation, 10 µg 6-OHDA 
(6-Hydroxydopamine hydrobromide, Sigma Aldrich) was 
stereotactically injected into the striatum using following 
coordinates in relation to bregma: anteroposterior: 0.5 
mm, mediolateral: 2.0 mm, dorsoventral: 3.5 mm (below 
skull). Transplantation of NESCs was performed as 
described before [12, 13]. In brief, NESCs (Passage 10-13) 
were differentiated towards dopaminergic neurons for 6 
days. For transplantation, cells were dissociated to single 
cells with Accutase and resuspended in N2B27 medium 
to a concentration of 5 x 104 cells per microliter. Three 
microliters of the cell suspension was injected into the 
6-OHDA-lesioned striatum using a Hamilton 7005KH 

5-µl syringe (LRRK2-G2019S n=6, LRRK2-WT n=3).From 
these iPSC

Perfusion, sectioning, and immunohistochemical analysis

Perfusion, sectioning, and immunohistochemical 
analysis were performed 11 weeks post-transplantation 
as described previously [12, 13]. The following primary 
antibodies were used: human Nuclei (mouse, 1:200, 
Millipore), human NCAM (mouse, 1:100, Santa Cruz), and 
alpha-Synuclein (rabbit, 1:600, Sigma). Alexa fluorophore-
conjugated secondary antibodies (Invitrogen) and 
Hoechst 33342 (Invitrogen) were used to visualize 
primary antibodies and nuclei, respectively. Sections (40 
µm) from the center of the graft were evaluated using a 
Zeiss LSM 710 confocal microscope. 3D surface structures 
of the z-stacks taken by the confocal microscope were 
created using IMARIS software (bitplane). For this, three 
different ROIs (graft, proximal to graft and distal to graft) 
were chosen and the values of the threshold (background 
substraction) were automatically set. The endogenous 
mouse stainings of the striatal myelinated fibers were not 
taken into consideration for the analysis. 

Data and statistical analysis

The volume, the mean intensity, and maximum intensity 
of every created surface were defined by Imaris software. 
The average or the sum of the different parameters was 
calculated for each animal. Ratios of the different ROIs 
were created as indicated and t-tests were performed 
using SigmaPlot. n specifies the number of mice and 
statistical significance is considered to be P < 0.05. Prism 
6.01 (GraphPad) was used for data illustration and data 
are presented as mean + SEM. 

Results

Parkinson’s disease-specific neurons, expressing LRRK2-
G2019S, upregulated alpha-Synuclein in vivo

Previously, it has been shown in vitro that human 
neurons expressing the Parkinson’s disease-associated 
G2019S mutation in the LRRK2 gene have elevated 
levels of alpha-Synuclein [10]. As a first step, we were 
aiming at determining whether this is also the case in 
vivo. Accordingly, we transplanted 1,5 x 105 human 
iPSC-derived NESCs that were pre-differentiated for the 
neuronal lineage (for details see Materials and Methods 
section), into the striatum of 11-12 week old NOD.SCID 
mice. In order to investigate the impact of the LRRK2-
G2019S mutation, we used patient-derived cells expressing 
this mutation as well as a corresponding isogenic line 
where the mutation has been corrected. Human cells were 
distinguished from the surrounding mouse cells with 
human-specific antibodies against NCAM and human 
nuclei (Fig. 1A, B). 11 weeks after transplantation in the 
mouse striatum, we saw robust survival and neuronal 
differentiation for both lines as indicated with the anti-
human-NCAM antibody (Fig. 1A). In order to detect the 
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Figure 1. LRRK2-G2019S mutation led to a higher expression of alpha-Synuclein in grafted neurons.A Schematic overview 
of the adult mouse brain (left) representing the stereotactic target side of the striatum for the transplantation. 11 weeks after 
transplantation, the species-specific antibody hNCAM revealed a sound survival and neuronal differentiation of the graft 
(right). Dashed lines indicate the corpus callosum.B Immunohistological stainings indicated the expression of alpha-Synuclein 
in both cell lines after transplantation. C Representative 3D surface reconstruction of alpha-Synuclein of the graft shown in 
the lower panel of B. D Quantification of the volume and volume sum/region of interest of the reconstructed alpha-Synuclein 
surfaces. E Quantification of the mean and maximum intensity of the reconstructed alpha-Synuclein surfaces. Scale bars: 500 
µm (A) and 20 µm (B and C). Error bars represent mean + SEM (LRRK2-WT n=3, LRRK2-G2019S n=6); α-SYN: alpha-
Synuclein, CC: corpus callosum, max: maximum, ROI: region of interest
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levels of alpha-Synuclein in the grafted cells, we stained 
with anti-alpha-Synuclein-specific antibodies (Fig. 1B). For 
quantification, we reconstructed the surfaces of the alpha-
Synuclein signal in the grafts with IMARIS (Fig. 1C). The 
volume and the intensity of the alpha-Synuclein signal 
was quantified from the reconstruction (Fig. 1D, E). This 
quantification revealed that expression of LRRK-G2019S 
led to a negligible increase in the mean volume of the 
alpha-Synuclein signal (Fig. 1D). However, the mean and 
the maximum intensity of the alpha-Synuclein signal was 
significantly increased upon expression of the Parkinson’s 
disease-associated LRRK2-G2019S mutation (Fig. 1E). 
These results indicate that human neurons carrying the 
LRRK2-G2019S mutation express higher levels of alpha-
Synuclein under physiological conditions.

Grafted neurons did not induce alpha-Synuclein spreading 
in the mouse brain

Parkinson’s disease is a progressive disorder characterized 
by the spreading of protein aggregates, mainly consisting 
of alpha-Synuclein. It has been hypothesized that this 
appearance of aggregates spreads in a prion-like fashion 
[4]. Aggregated alpha-Synuclein has the ability to induce 
further aggregation of soluble alpha-Synuclein. Hence, a 
seed of alpha-Synuclein aggregation would be sufficient 
to start the process.

In order to test whether our in vivo phenotyping 
approach would be able to recapitulate this spreading 
process, we analyzed the levels of endogenous mouse 
alpha-Synuclein in a region close (proximal) to the graft in 
comparison to a region far (distal) from the graft (Fig. 2A). 
Accordingly, a 3D surface reconstruction of the endogenous 
mouse alpha-Synuclein signal was performed with 
IMARIS (Fig. 2B and C). If alpha-Synuclein indeed would 
spread from the graft into the surrounding tissue, we 
expected to find significant differences in the volume (Fig. 
2D) or intensity (Fig. 2E, F) of the alpha-Synuclein signal in 
a region proximal to the graft compared to a region distal 
to the graft when normalizing both regions to the graft. 
Particularly, we expected to see such differences in cases 
where cells with the LRRK2-G2019S mutation have been 
transplanted. Moreover, we compared the ratio of the two 
regions between the different genotypes. However, in 
none of the investigated parameters significant differences 
were detectable (Fig. 2D-F). We therefore conclude that in 
the here chosen paradigm Parkinson’s disease-associated 
alpha-Synuclein spreading is not detectable. 

Discussion

The spreading of alpha-Synuclein protein aggregates, 
in a prion-like fashion, is believed to be the underlying 
mechanism for the progression of Parkinson’s disease 
pathology through the human brain [4]. Furthermore, 
somatic mutations occurring during embryogenesis can 
lead to genetic mosaicism in the brain. Typically, genotyping 
is conducted in mesoderm-derived lymphocytes. 
Therefore, mutations in ectoderm-derived neural cells 
will be missed [14]. Consequently, it is conceivable 

that Parkinson’s disease patients that are classified as 
idiopathic, actually carry a Parkinson’s disease-associated 
mutation in a subset of neurons. In fact, somatic mutations 
have been previously associated to neurodegenerative 
disorders. It was suggested that differences in Parkinson’s 
disease phenotype in monozygotic twins with LRRK2 
mutations are caused by additional somatic mutations 
[15, 16]. In the past, addressing the hypothesis of prion-
like spreading of alpha-Synuclein and genetic mosaicism 
as potential source for aggregates of alpha-Synuclein 
was complicated because of the lack of appropriate 
models. In this study, we show that Parkinson’s disease 
patient-specific iPSC-derived neurons upregulated alpha-
Synuclein after transplantation which is believed to be a 
first important step to induce protein aggregation and 
spreading. Therefore, we conclude that this approach can 
be used for in vivo disease modeling. However, we further 
demonstrate that this alpha-Synuclein failed to spread in 
the mouse brain.

At first glance, it seems surprising not to see alpha-
Synuclein spreading, because previous studies in vitro 
[5, 17] as well as in vivo [6, 18] have shown spreading. 
Furthermore, our finding that Parkinson’s disease-specific 
cells with the LRRK2-G2019S mutation showed higher 
levels of alpha-Synuclein, supports their usability for 
modeling Parkinsons disease in vivo and indicates that 
they in principle might be able to induce alpha-Synuclein 
aggregation and spreading. However, it is noticeable that 
all these studies did not use a cross-species approach. Either 
human alpha-Synuclein spreading was investigated in 
human cells or in mice engineered to express human alpha-
Synuclein. On the other hand, mouse alpha-Synuclein was 
tested in mouse cells or mice in vivo. Interestingly, a recent 
study using a cross-species approach reported that the 
mouse-alpha-Synuclein protein significantly attenuated 
the formation of aggregates of human-alpha-Synuclein 
[19]. In other words, the mouse-alpha-Synuclein inhibited 
the aggregation of the human form, which implies the 
existence of a species barrier. This finding is also supported 
by a report showing that mouse-alpha-Synuclein inhibited 
the fibrillization of human-alpha-Synuclein in vitro [20]. In 
this context, it is further interesting to note that the A53T 
mutation in human-alpha-Synuclein causes Parkinson’s 
disease while the mouse version of alpha-Synuclein 
naturally expresses a Threonine at position 53. However, 
based on the here obtained results we cannot rule out that 
the failure to see alpha-Synuclein spreading in the mouse 
brain could be due to initially too low levels of human 
alpha-Synuclein in the transplanted cells. Additionally, 
we cannot exclude that an even longer duration of the 
experiment would have led to mouse alpha-Synuclein 
upregulation, aggregation, and spreading. Finally, the 
depletion of dopaminergic neurons in the striatum with 
6-OHDA, preceding the transplantation, might have had 
a negative impact on the potential spreading. 

Conclusion

Overall these results clearly indicate that it is of critical 
importance to choose the appropriate model and tools 
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Figure 2. Alpha-Synuclein spreading from the graft was not detected in the surrounding tissue. A Schematic overview of the 
mouse adult brain indicating the ROIs that were chosen to analyse endogenous mouse alpha-Synuclein close (proximal) as 
well as far (distal) from the graft.B Representative images of the ROIs that were chosen proximal to the graft. Dashed lines 
define the edges of the graft. Squares mark the ROIs proximal to the graft that were used to create 3D surfaces shown in C. C 
3D surface reconstruction of endogenous mouse alpha-Synuclein of the ROIs shown in B. D-F Quantification of the volume, 
the mean intensity and the maximum intensity of the reconstructed endogenous mouse alpha-Synuclein surfaces proximal to 
the graft and distal to the graft. Left: Proximal and distal ROIs of endogenous mouse alpha-Synuclein were normalized to the 
ROIs of the graft and eventually the different distances were compared to each other within the same cell line. Right: The ratio 
of the different regions of endogenous mouse alpha-Synuclein were compared between the different cell lines. Scale bars: 50 
µm (B and C). Error bars represent mean + SEM (LRRK2-WT n=3, LRRK2-G2019S n=6); α-SYN: alpha-Synuclein, max: 
maximum, ROI: region of interest
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to study alpha-Synuclein aggregation and spreading. 
In particular, new human-specific organoid models 
recapitulating essential features of the human midbrain 
[21, 22] might represent interesting alternatives for 
the future. These models will allow combining the 
advantages of tissue-like specimens (complex system, in 
vivo, cellular heterogeneity) with high relevance for the 
human situation, particularly when they are derived from 
human Parkinson’s disease patient-specific stem cells.

Abbreviations: α-SYN: alpha-Synuclein, CC: corpus 
callosum, iPSCs: induced pluripotent stem cells, LB: Lewy 
bodies, max: maximum, NESCs: neuroepithelial stem 
cells, ROI: region of interest
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ner, Lydia, Glatza, Michael, Höing, Susanne, Hargus, Gunnar, Heck, Susanna

A., Dhingra, Ashutosh et al. (2013). ‘Genetic correction of a lrrk2 muta-

tion in human iPSCs links parkinsonian neurodegeneration to ERK-dependent

changes in gene expression’. In: Cell Stem Cell 12.3, pp. 354–367.

Renner, Magdalena, Lancaster, Madeline A, Bian, Shan, Choi, Heejin, Ku, Taeyun,

Peer, Angela, Chung, Kwanghun and Knoblich, Juergen A (2017). ‘Self-organized

developmental patterning and differentiation in cerebral organoids’. In: The

EMBO Journal 36, pp. 1316–1329.

Rodriguez, Manuel, Morales, Ingrid, Rodriguez-Sabate, Clara, Sanchez, Alberto,

Castro, Rafael, Brito, Jose Miguel and Sabate, Magdalena (2014). ‘The de-

generation and replacement of dopamine cells in Parkinson’s disease: the role

of aging’. In: Frontiers in Neuroanatomy 8.August, pp. 1–7.

Roybon, Laurent, Christophersen, Nicolaj S, Brundin, Patrik and Li, Jia-Yi (2004).

‘Stem cell therapy for Parkinson’s disease: where do we stand?’ In: Cell and

tissue research 318, pp. 261–273.

Ruitenberg, Marit F.L., Duthoo, Wout, Santens, Patrick, Notebaert, Wim and Ab-

rahamse, Elger L. (2015). ‘Sequential movement skill in Parkinson’s disease:

A state-of-the-art’. In: Cortex 65, pp. 102–112.

Ryan, Scott D., Dolatabadi, Nima, Chan, Shing Fai, Zhang, Xiaofei, Akhtar, Mohd

Waseem, Parker, James, Soldner, Frank, Sunico, Carmen R., Nagar, Saumya,

Talantova, Maria et al. (2013). ‘Isogenic Human iPSC Parkinson’s Model

Shows Nitrosative Stress-Induced Dysfunction in MEF2-PGC1α Transcrip-

tion’. In: Cell 155.6, pp. 1351–1364.



Bibliography BIBLIOGRAPHY
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