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A B S T R A C T

Parkinson’s disease (PD) is the second most common neurodegenerative disorder characterized by loss of do-
paminergic (DAergic) neurons in the substantia nigra (SN) that contributes to the main motor symptoms of the
disease. At present, even if several advancements have been done in the last decades, the molecular and cellular
mechanisms involved in the pathogenesis are far to be fully understood. Accordingly, the establishment of
reliable in vitro experimental models to investigate the early events of the pathogenesis represents a key issue in
the field. However, to mimic and reproduce in vitro the complex neuronal circuitry involved in PD-associated
degeneration of DAergic neurons still remains a highly challenging issue. Here we will review the in vitro PD
models used in the last 25 years of research, ranging from cell lines, primary rat or mice neuronal cultures to the
more recent use of human induced pluripotent stem cells (hiPSCs) and, finally, the development of 3D midbrain
organoids.

1. Introduction

The use of in vitro models allows the analysis of molecular and
cellular pathogenic events as well as drug screening in fully controlled
environment conditions. However, taking into consideration that
Parkinson’s Disease (PD) is a very complex brain disorder that involves
several neuronal circuitries and brain areas, it remains really challen-
ging to reproduce in vitro in a cell culture the complexity of these as-
pects. In the last three decades a vast variety of cell culture systems,
ranging from cell lines to the more recent 3D organoids, have been used
as in vitro models to study PD pathogenesis as well as to test possible
neuroprotective agents.

2. Cell lines

Established cell-lines (either differentiated or not) are immortalized
cells derived from a multicellular organism. This type of cell lines has
several advantages (Lopes et al., 2017):

1 highly proliferative;
2 high reproducibility;
3 can be easily genetically manipulated;
4 some of them, present all the dopaminergic (DAergic) machinery,

for example enzymes for dopamine (DA) metabolism and synapto-
genesis (Lopes et al., 2017);

5 many of them have human origins and therefore human genetic
background.

However, the use of these models is limited by relevant dis-
advantages:

1 they often require further differentiation steps to have the mor-
phological and/or physiological characteristics of DAergic neurons;

2 they have oncogenic origin; therefore, their main feature is the high
proliferation which is in clear contrast with neuronal feature
(Herrup and Yang, 2007; Lopes et al., 2017).

The pathological hallmarks of PD can be reproduced in these cul-
tures either genetically, through the overexpression or silencing of PD-
related genes (SNCA, Parkin, PINK1, LRKK2, GBA), or chemically,
through the use of neurotoxins (such as 6-OHDA, MPP+, rotenone),
which alters many cellular processes. Therefore, enabling to highlight
the different molecular pathways altered in PD complex pathophy-
siology, genetic models allow to reproduce a condition that is more
similar to the in vivo one. Overall, this type of cell lines should be used
mainly for evaluating apoptosis, mitochondrial and gene dysfunction,
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oxidative stress, screening of potential drugs and their relative neuro-
protective properties. In this review, we will focus on the following
immortalized cell lines: SH-SY5Y, PC12, LUMHES, N2a, N27, MN9D.

2.1. SH-SY5Y cell line

SH-SY5Y are a subclone of the SK-N-SH neuroblastoma cells, ob-
tained in 1978 starting from a 4-year-old girl bone marrow biopsy
(Biedler et al., 1978). The original cell line SK-N-SH presents two
phenotypes characterized by different morphological and biochemical
features: one is defined as N-type (neuroblastic) and the other is called
S-type (epithelial, adherent) (Encinas et al., 2000; Kovalevich and
Langford, 2013); both can be differentiated in neurons (Ross et al.,
1983). SH-SY5Y cells have a neuroblastoma-like morphology char-
acterized by round cell bodies and short processes (Påhlman et al.,
1984). As undifferentiated cells, they are not DAergic cells, having in-
stead a catecholaminergic phenotype, as they can synthesize both DA
and noradrenaline (NA) (Xicoy et al., 2017). SH-SY5Y cells present,
when not differentiated, activity of DA-β-hydroxylase (Biedler et al.,
1978) and of tyrosine hydroxylase (TH) (Ross and Biedler, 1985), a
basal release of noradrenaline (NA) (Påhlman et al.,1984; Xicoy et al.,
2017), and expression of DA transporter (DAT) (Cheung et al., 2009).
Furthermore, alongside the good activity of the DAT, on the other hand,
they are characterized by a low activity of the vesicular monoamine
transporter type 2 (VMAT2). Accordingly, the concentration of en-
dogenous DA (normally very low) can be regulated through external
administration in the culture medium (Alberio et al., 2010, 2012).
Additionally, although these cells present a complete DAergic appa-
ratus, they do not exhibit neuronal features and are highly proliferative,
as their oncogenic origin suggests. Moreover, these cells have a low
expression of neuronal markers because they are in the early phases of
neuronal differentiation (Lopes et al., 2017).

To obtain cells with a neuronal phenotype, a differentiation pro-
tocol is needed. Several methods have been used: the most common is
based on the use of retinoic acid (RA), with varying concentrations and
incubation times (Xicoy et al., 2017). Another differentiation protocol
involves the use of 12-O-Tetradecanoyllphorbol-13-acetate (TPA), with
or without RA. This method is more effective to obtain a DAergic cell
phenotype (Xicoy et al., 2017). In this regard, in 2004 Presgraves and
colleagues, starting from the method used by Pennybacker et al., de-
veloped the differentiation protocol through RA and TPA, to obtain
DAergic cells from SMS-KCNR neuroblastoma cells. In fact, RA/TPA
treated cells have a DAergic phenotype with higher levels of expression
of TH and DAT, as well as DAergic D2 and D3 receptors. Therefore, this
cell-line could be a useful tool in the study of the neuroprotection of DA
agonists against MPP+ and DA-induced toxicity (Pennypacker et al.,
1989; Presgraves et al., 2004).

However, other studies show that this method leads to a formation
of a heterogeneous neuronal population, with an increase of NA neu-
rons (Xicoy et al., 2017, Påhlman et al., 1984). Another protocol, in-
stead, promotes the use of brain-derived neurotrophic factor (BDNF)
together with RA. This method consists in the induction of a low pro-
liferative and homogeneous neuronal population (Encinas et al., 2000;
Xicoy et al., 2017). The differentiation with RA and BDNF seems to
induce a reduced degree of proliferation, a typically neuronal mor-
phology with the development of neurites, an increase in the expression
of neuronal (NeuN) and DAergic (TH) markers and greater sensitivity to
6-OHDA (Lopes et al., 2010, 2017).

As previously mentioned, SH-SY5Y can undergo both genetic and
chemical modifications to mimic the pathological features of PD (Wu
et al., 2018; Li et al., 2019a, 2019b; Wang et al., 2019; Ferlazzo et al.,
2019). Even if many cellular processes can be investigated by using this
cell line (i.e. drug screening, oxidative stress, apoptosis, mitochondrial
alteration, autophagy) (Li et al., 2019a, 2019b; Limboonreung et al.,
2019; Lualdi et al., 2019; Md et al., 2019; Ramalingam et al. 2019; Ju
et al., 2019), it cannot be used for electrophysiological studies or

assessment of neurochemical alterations (Xicoy et al., 2017). Regarding
their electrophysiological properties, different studies have shown
variable responses between individual cells although exposed to the
same experimental stimuli. These observations suggest that these cells
are made up of non-uniform subpopulations, with a different expression
and density of membrane channels (Tosetti et al., 1998; Santillo et al.,
2014). SH-SY5Y cells have also been used in α-synuclein studies, in
particular to better understand its role in the various cellular mechan-
isms altered in PD, such as autophagy-lysosomal pathways, mitochon-
drial functions and the role of DA agonists (Bellucci et al., 2008;
Vogiatzi et al., 2008; Bellucci et al., 2011; Diógenes et al., 2012; Fares
et al., 2014; Mahul-Mellier et al., 2014; Zaltieri et al., 2015).

2.2. LUHMES line

The LUHMES (Lund Human Mesencephalic cells) lines are a sub-
clone of human mesencephalic cell lines MESC 2.10 that were isolated
from the ventral mesencephalic brain region of an 8-week-old fetus and
were immortalized by introducing a tetracycline-controlled, v-myc-
gene (TET-off) (Lotharius et al., 2005; Zhang et al., 2014; Lopes et al.,
2017). Unlike SH-SY5Y, this cell line shows specific DAergic markers
and typical neuronal morphology with long neurites even if only after
differentiation with tetracycline, cyclic AMP (cAMP) and glial derived
neurotrophic factor (GDNF) (Lotharius et al., 2005; Scholz et al., 2011,
Zhang et al., 2014). Once differentiated, these cells have spontaneous
electrical properties, express DAergic factors such as TH, DAT, VMAT
and D2 receptors, are able to release DA and acquire the morphology of
primary neurons (Scholz et al., 2011; Zhang et al., 2014; Lopes et al.,
2017). The pathophysiological characteristics of PD can be reproduced
both through exposure to neurotoxins and genetic manipulation. In
fact, the non-differentiated LUHMES can be easily transfected or in-
fected with virus (Schildknecht et al., 2013; Stępkowski et al., 2015;
Zhang et al., 2014; Höllerhage et al., 2017; Paiva et al., 2017). Several
studies used these cell lines instead following treatment with neuro-
toxins, such as rotenone, 6-OHDA, MPP+ (Schildknecht et al., 2009;
Stępkowski et al., 2015; Harris et al., 2018).

The non-oncogenic human origin represents the main advantage of
this cell line. However, these cells grow slowly, similarly to primary
cells, and they need to have culture media supplemented with N2 and
fibroblast growth factor (FGF) (Scholz et al., 2011; Lopes et al., 2017).
Recently, this cell line was used in 3D culture thus bypassing the pro-
blem to culture these cells for long-time period (Smirnova et al., 2016).
Finally, the 3D LUHMES culture permits to investigate neurotoxic ef-
fects of different compounds and neurodegenerative processes (Harris
et al., 2018).

2.3. PC12 line

PC12 is a cell line derived from a transplantable rat pheochromo-
cytoma of the adrenal medulla. It can easily differentiate into neuronal-
like cells through NGF induction when cultured on type IV collagen
coated-coverslips (Greene and Tischler, 1976; Grau and Greene, 2012).
In this way, cells become able to release neurotransmitters from the
vesicles, to develop axons and acquire electrical properties. PC12 con-
tains DA and other catecholamines and can release NA following
treatment with ascorbic acid. The treatment with NGF in combination
with dexamethasone leads to increased vesicles and neurotransmitter
release. Due to these features, PC12 cells have been used for the study
of endocytosis through amperometry experiments (as reviewed by
Westerink and Ewing, 2008). As described-above for the SH-SY5Y and
the LUHMES cell lines, also the PC12 cells can be used as an in vitro
model for PD through treatment with neurotoxins such as MPP+, 6-
OHDA and rotenone (Sai et al., 2008; Xu et al., 2017; Lee et al., 2018).
They are also used for evaluation of α-synuclein pathological properties
(Wang et al., 2017). Together with SH-SY5Y cell line, they represent the
most used PD cellular model, but results obtained with these oncogenic
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cellular models must be taken with caution and evaluated in other
cellular and animal models.

2.4. MN9D line

The MN9D cell line was obtained from the somatic fusion of mouse
embryonic mesencephalic cells with neuroblastoma cells (N18TG2).
One of the obtained clones, the MN9D, has the ability to synthesize
catecholamines, express TH and generate sodium currents (Choi et al.,
1991). In the undifferentiated state, cells have a round cellular soma
and have no process extension (Rick et al., 2006). Treatment with
GDNF and/or other factors (retinoic acid, Nurr1) leads to the arrest of
the cell cycle, the formation of neurites and DA synthesis (Heller et al.,
1996; Castro et al., 2001; Hermanson et al., 2003). Moreover, only
through differentiation with GDNF followed by butyric acid (Rick et al.,
2006), MN9D cells acquire electrophysiological properties comparable
to the mature DA neurons. Similar to the other above-mentioned cell
lines, MN9Ds are also used to investigate the role of α-synuclein and
undergo treatment with neurotoxins (Hussain et al., 1999; Wu et al.,
2011; Spittau et al., 2012; Shao and Chan, 2015; Li et al., 2017).

2.5. N27 line

N27 cells were obtained from immortalized rat mesencephalic cells.
These cells express low levels of TH and DA transporter (DAT), but are
sensitive to 6-OHDA and to H2O2 (Clarkson et al., 1998). This cell-line
has been used mainly in neurotoxicity, neurodegeneration studies and
other cellular processes (Cantu et al., 2011; Dranka et al., 2012; Lopert
et al., 2012; Cristóvão et al., 2009; Thomas et al., 2013; Harischandra
et al., 2015). Recently, Gao and collaborators have recloned N27 cell
lines, identifying a new clone with higher TH and DAT levels. Fur-
thermore, these cells express VMAT and other transcription factors
(NURR1, EN1, Fox42, PITX3) and release DA in normal and depolar-
izing conditions (Gao et al., 2016).

2.6. Neuro 2a line

Neuro 2a cells derive from mouse neural crest (Klebe and Ruddle,
1969) and present a neuronal and amoeboid morphology. Due to their
characteristics these cells have been used in studies aimed at evaluating
neuronal differentiation, axonal growth and signaling pathway neuro-
toxicity (LePage et al., 2005; Salto et al., 2015). Moreover, they have
been used to study Alzheimer's Disease (Kim et al., 2014). When dif-
ferentiated, Neuro 2a cells express neuronal properties, such as the
presence of neurofilaments, large amounts of microtubular proteins
(Olmsted et al., 1970) and are easily transfected. Their peculiarity is the
capability to differentiate into neurons in a very short time, through
serum deprivation and/or modification of various culture medium
factors (Lee and Nikodem, 2004; Evangelopoulos et al., 2005;
Wasilewska-Sampaio et al., 2005; Tremblay et al., 2010). Tremblay
et al. (2010) showed that the use of dibutyryl cyclic adenosine mono-
phosphate (dbcAMP) promotes Neuro 2a differentiation into DAergic
cells, enhancing Nurr-related factor 1 (Nurr1), TH and DA expression
levels and thus being useful as PD model (Tremblay et al., 2010).

3. Primary cultures

3.1. Primary DAergic cultures

Even though different neurotransmitter systems are involved in PD,
the hallmark of the disease is the degeneration of DAergic neurons of
the substantia nigra pars compacta (SNpc) with a consequent reduction of
DA levels in the striatum (Surmeier et al., 2017; Obeso et al., 2017).
This leads to the appearance of the classical motor symptoms of the
disease, namely resting tremors, bradykinesia and rigidity (Obeso et al.,
2017). Accordingly, the setting up of reliable cell cultures of DAergic

neurons provide a very useful in vitro model for the study of the mo-
lecular and cellular mechanisms involved in the neurodegeneration and
for the understanding of the causes of selective neuronal vulnerability
for this disorder (Studer, 2001).

Early studies that used dissociated primary neuronal cultures ob-
tained from rat SNpc showed the presence of about 40% DAergic
neurons characterized by thick and straight primary processes dividing
into several branches (Masuko et al., 1992). Physiological properties of
these cultured DAergic neurons were similar to those reported for
DAergic neurons in brain slices suggesting that it is possible to obtain
dissociated cultures of the SN (Masuko et al., 1992). Results obtained by
Kim et al. (1997) indicated that SN neurons of neonatal rats, after being
dissociated, produce the same transmitters and the same receptors in
culture as those in vivo.

The method for culturing midbrain DAergic neurons from rat and
mouse embryos has been optimized in several more recent studies
(Weinert et al., 2015; Lopes et al., 2017) showing that this neuronal
population undergoes to a rapid maturation and differentiation with the
acquisition of synaptic, functional and morphological properties sui-
table for the analysis of molecular and cell biology events.

Primary DAergic neurons have been widely used for evaluation of
cell survival after treatment with neurotoxic compound possibly in-
volved in PD pathogenesis or putative neuroprotective agents. Using
cultured mouse mesencephalic neurons, an early study compared the
toxicity of sequential exposure to rotenone (an inhibitor of mitochon-
drial complex I) and glutamate on GABAergic and DAergic neurons
(Marey-Semper et al., 1995). This neuronal subtype was confirmed to
be more vulnerable than inhibitory neurons to the toxic clues through a
mechanism involving both NMDA receptor activation and a defective
energy metabolism (Marey-Semper et al., 1995). More recently, the
involvement of complex I inhibition in DAergic neuronal loss has been
examined using a genetic mouse strain lacking Ndufs4 gene, encoding
for a complex I essential subunit. Mesencephalic neurons in culture,
however, did not show compromised survival despite lacking func-
tionality of the complex (Choi et al., 2008). These results support the
existence of other intrinsic properties that confer to DAergic neurons
higher vulnerability to toxins like rotenone, paraquat and MPP+.
Substance P, Neurokinins A/B, and Synthetic Tachykinin were shown to
exert a selective neuroprotective action on mesencephalic DAergic
neurons, highlighting the importance of excitatory inputs for survival of
this neuronal subtype (Salthun-Lassalle et al., 2005). A similar culture
model in which DAergic neurons progressively die upon maturation
was used to assess the mechanism of nicotine-mediated protection in
PD. Interestingly, the beneficial effect occurred only in presence of si-
multaneous depolarizing stimuli able to elevate cytosolic calcium le-
vels, through a mechanism involving a particular subtype of nicotinic
acetylcholine receptors (Toulorge et al., 2011).

The more recent development of PD-related transgenic mice has
brought back a more extensive use of primary DAergic neurons pre-
pared from these animal models. For instance, a work from Ramonet
and collaborators in 2011 investigated the effects of two familiar PD
mutations of LRRK2, R1441C and G2019S, in transgenic mouse models.
Interestingly, cultures of midbrain DAergic neurons derived from
G2019S-LRRK2 mice, which exhibit degeneration of the nigrostriatal
pathway in vivo, were characterized by a considerable reduction of
neurite length and complexity. (Ramonet et al., 2011). A different ap-
proach, a binary tetracycline-dependent inducible gene expression
system, was exploited to generate a transgenic mouse model expressing
the mutated A53T α-syn in mDAergic neurons. Several neuronal ab-
normalities were found in vivo, including decreased DA release, Golgi-
apparatus fragmentation and impairment of the autophagy lysosomal
pathway. Moreover, using midbrain cultures derived from transgenic
mice, they reported an amelioration of α-syn-induced degeneration of
mDAergic neurons by preventing proteasomal degradation of the
transcription factor Nurr1 (Lin et al., 2012).
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3.2. Primary striatal neuronal cultures

A well-known aspect of striatal anatomy and function is the pre-
sence of more than 95% spiny projection neurons (SPNs) in absence of a
structured local excitation system. At dendritic spines of striatal SPNs,
DAergic terminals from the SNpc converge with glutamatergic term-
inals from the cerebral cortex. Molecular and functional interactions
between these two neurotransmitter systems have been widely de-
scribed (Gardoni and Bellone, 2015). The degeneration of the nigros-
triatal DAergic pathway in PD leads to significant morphological and
functional changes in the striatal neuronal circuitry, including mod-
ifications of the corticostriatal glutamatergic synaptic architecture with
consequent loss of striatal synaptic plasticity (Calabresi et al., 2007).
Overall, an integrated cross-talk between DA and glutamate systems
plays an essential role in the regulation of a physiological motor be-
havior. Accordingly, early studies showed that when striatal neurons
are grown alone in culture, they do not show a physiological sponta-
neous network activity and develop only a very low number of den-
dritic spines. However, primary neuronal striatal cultures have been
widely used to investigate molecular mechanisms regulating DA and
glutamate receptors and their signaling pathways at SPNs. Im-
munocytochemical and electrophysiological characterization of cul-
tured rat striatal neurons indicate that these cells have both DA D1 and
D2 receptors and NMDA-type glutamate receptors, abundant expression
of main striatal markers such as calbindin, calretinin and the cannabi-
noid-1 receptor and voltage-gated K+ channel subunits characteristic of
adult tissue (Falk et al., 2006; Hallett, 2006). In dissociated striatal
neurons, DA or D1 receptor agonists potentiate NMDA receptor currents
(Flores-Hernández et al., 2002), with a mechanism involving the
phosphorylation of the transcription factor Ca2+ and cyclic AMP re-
sponse element binding protein (CREB) in the nucleus by means of
NMDA receptor-mediated Ca2+ signaling (Dudman et al., 2003).
Moreover, Hallett (2006) observed a selective effect of DA D1 receptor
activation on the localization of NMDA subunits in striatal neurons.

Growing of striatal neurons in presence of GFP-expressing cortical
neurons leads to the appearance of spontaneous and evoked excitatory
synaptic currents and a remarkable increase in the density of dendritic
spines (Segal et al., 2003). Importantly, this event was strictly modu-
lated by the application of tetrodotoxin (Segal et al., 2003). Fagni and
collaborators further demonstrated the need of a cortical innervation
for the correct development of striatal neurons in culture (Burguière
et al., 2013). They developed an in vitro model of mouse corticostriatal
primary co-cultures, in which cortical neurons were isolated from em-
bryonic wild-type mice and striatal neurons from embryonic mice ex-
pressing GFP. This allows the study of dendritic spine development and
patch-clamp recording of the striatal neurons visualized by GFP fluor-
escence (Burguière et al., 2013). Consistent with previous studies (Segal
et al., 2003), striatal cells remained almost aspiny when cultured in the
absence of cortical neurons. When cultured with cortical neurons,
striatal neurons developed high density of dendritic spines (Burguière
et al., 2013). However, many of the above-mentioned approaches used
for the study of cortical influences on striatal neurons have serious
pitfalls. In particular, co-cultures of cortical and striatal neurons, al-
though spontaneously active, are almost absent of cholinergic inter-
neurons and develop connections from striatal cells to cortical cells that
are not present in vivo, such as inhibitory striatocortical connections.

To overcome some of these issues, more recently Garcia-Munoz
et al. (2015) developed a method for growing cortical and striatal
neurons in separated compartments that allows cortical neurons to in-
nervate striatal cells in culture. The activity of both areas can be re-
corded in multielectrode arrays or individual patch recordings from
pairs of cells.

4. Human induced pluripotent stem cells

The introduction of human induced pluripotent stem cells (iPSCs)

technology, discovered by Takahashi and Yamanaka in 2006, re-
volutionized the modelling of human diseases. The possibility to re-
program fully differentiated cells from patients to the stemness and
then redirecting them towards the desired cell type brought a great
power to biomedical research. This is particularly true for the in vitro
modelling of physiology and pathophysiology of the central nervous
system including the field of neurodegenerative disorders, previously
restrained by the impossibility to obtain affected tissues and cells di-
rectly from patients. Therefore, iPSCs allow to overcome some of the
obstacles, given either by the use of animal models, such as species-
specificity of cellular pathways, ethical issues and the limited avail-
ability of post-mortem human brain tissue. More in detail, iPSCs give
the opportunity to have disease-relevant neuronal subtypes that retain
the specific genetic background of the patient. Taking into account the
specific genetic settings of an individual, the development of a perso-
nalized drug treatment is a fundamental requirement and a highly re-
levant topic in high throughput drug screening (Haston and Finkbeiner,
2016).

In this framework, the combination of iPSC technology and very
recent genome editing techniques (Mali et al., 2013) allows to generate
isogenic control cells that maintain the same genetic background of the
patient leading to a great advantage in the modelling of complex brain
disorders such as PD.

4.1. Modelling genetic PD with iPSCs

Aberrations in SNCA gene, coding for the protein α-synuclein, are
one of the most common defect causing familiar autosomal dominant
PD. Devine and collaborators (2011) successfully differentiated a subset
of iPSCs lines from patients bearing multiplication of SNCA locus into
midbrain DAergic neurons (mDA). Genomic DNA analyses confirmed
the alteration of SNCA to be still present in iPSC lines. In addition, mDA
neurons differentiated from mutated iPSCs demonstrated to have a
double quantity of the protein with respect to healthy relative-derived
neurons (Devine et al., 2011).

The work of Byers and collaborators in the same year (2011) also
reported accumulation of α-synuclein in DA neurons from a PD patient
bearing SNCA triplication. Aberrant levels of α-synuclein were not the
only disease feature exhibited by PD neurons, which also showed in-
creased sensitivity to oxidative stress, caused by exposure to hydrogen
peroxide, together with augmented oxidative stress markers (Byers
et al., 2011).

Soldner et al. (2011) used for the first time iPSCs technology com-
bined to genome editing in the field of PD research. Exploiting Zinc-
finger nuclease (ZFN)-mediated genome editing they generated a set of
isogenic disease and control human iPSCs by correcting two point
mutations in the α-synuclein gene. Specifically, they either derived
hiPSCs from a patient carrying the A53T (G209) α-synuclein mutation
followed by the correction of this mutation or, alternatively, by gen-
erating either the A53T (G209A) or E46K (G188A) mutation in the
genome of wild-type hESCs. They showed that patient-derived hiPSCs
upon targeted gene correction of the A53T mutation were still able to
differentiate into tyrosine hydroxilase-expressing DA neurons, lacking
the expression of the mutated A53 T/G209A transcript.

In the same year, Nguyen and collaborators (2011) reported the
generation of iPSC lines from PD patients harbouring the LRRK2
G2019S mutation. Midbrain DAergic neurons (mDA) derived from iPSC
lines exhibited cardinal PD features as accumulation of α-synuclein,
upregulation of oxidative stress response genes and increased suscept-
ibility to neurotoxins (Nguyen et al., 2011). Increased α-synuclein le-
vels accompanied by alterations of autophagy were also reported by
another study in mDA neurons differentiated from iPSCs lines har-
bouring the same LRRK2 G2019S mutation (Sánchez-Danés et al.,
2012). Interestingly, they found the same pathogenic features also in
mDA neurons from idiopathic PD patients (Sánchez-Danés et al., 2012).
Moreover, besides accumulation of autophagic vacuoles, both sporadic
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PD and LRRK2-mutated mDA neurons were characterized by decreased
number of neurites and aberrant neurite arborization with respect to
neurons derived from age and sex matched healthy controls. However,
polymorphisms in other genes involved in PD pathogenesis, as SNCA or
MAPT, give a large contribution in affecting phenotypes of individuals
with familiar LRRK2-PD. This genetic variability makes the study of the
effect of the specific mutation more complex (Botta-Orfila et al., 2012;
Golub et al., 2009). However, the use of isogenic gene correction in
iPSCs from patients can help to overcome this issue. Reinhardt et al.
(2013a) used this tool to analyse the molecular alterations conferred by
the G2019S LRRK2 lesion in mDA neurons differentiated from isogenic
iPSC lines. The targeted gene correction was shown to rescue PD-as-
sociated phenotypes, including neurite shortening and basal autophagy
defects.

Experimental modelling of PINK1 and PARK2-dependent PD has
always been complex. In vivo, knockout of the two genes in mouse
models do not lead to degeneration of nigral DA neurons (Dawson et al.,
2010). Issues in reproducing disease phenotype are not shown solely by
in vivomodels. Recent studies on iPSC derived DA neurons reported that
loss of function mutations in both the two genes are not sufficient to
induce cell death in culture if not exposed to external clues (Miller
et al., 2013; Chang et al., 2016). To note, the majority of studies ex-
amining PINK1-associated PD has been usually performed by means of
knockdown strategies and models with limited relevance for human
pathophysiology. A contribution to dissect the role of PINK1 mutations
using iPSC technology was given by a work from Seibler (2011). Skin
fibroblasts taken from three patients harbouring different missense and
nonsense PINK1 mutations - nonsense (c.1366C>T; p.Q456X) and
missense (c.509 T>G; p.V170 G) - were reprogrammed to iPSCs and
then directed to DA neurons. Several defects became apparent after
mitochondrial depolarization, most importantly the defective recruit-
ment of the exogenously expressed Parkin to mitochondria. Moreover,
neurons were characterized by increased mitochondrial copy number
coupled to upregulation of the mitochondrial biogenesis regulator PGC-
1α, all defects rescued by wild-type PINK1 expression (Seibler et al.,
2011).

iPSC technology has proven to be useful also to dissect convergent
disease mechanisms shared between different familiar PD forms.
Cooper et al. (2012) generated neural cells from iPSCs of PD patients or
pre-symptomatic subjects mutated in PINK1 and LRRK2 genes. Com-
pared to neurons derived from healthy individuals, these cells had
several alterations in the mitochondrial response that could be rescued
by coenzyme Q10, rapamycin or by an inhibitor of LRRK2 kinase ac-
tivity.

The G2019S LRRK2 mutation was shown to delay the arrest of da-
maged mitochondria and thus to slow mitophagy initiation in iPSC
derived neurons (Hsieh et al., 2016). The analysis revealed that the
pathways of LRRK2 and PINK1/Parkin works in parallel, converging on
the mitochondrial protein Miro. To note, dysregulation of the same
process and aberrant mitochondrial motility were found also in
sporadic PD patients-derived cell lines (Hsieh et al., 2016).

A very recent study by di Domenico et al. (2019) contributed to
analyse astrocyte-neuron interplay in PD pathogenesis, already de-
scribed to be involved in mechanisms of α-synuclein spreading and
degradation. (Braak et al., 2020; Lee et al., 2010; Loria et al., 2017). Co-
cultures experiments were set up deriving ventral mDA (vmDA) neu-
rons and astrocytes from iPSC of PD patients carrying the LRRK2
G2019S mutation and healthy controls. Co-culturing healthy vmDA
neurons with PD patients-derived astrocytes was sufficient to reduce
neuron number and increase α-synuclein levels. On the other hand,
neurodegenerative signs of PD vmDA neurons were ameliorated by co-
culturing them with healthy astrocytes. More in detail, PD derived as-
trocytes were characterized by a progressive α-synuclein accumulation
along days in culture, probably due to altered proteostasis of this pro-
tein and alteration of the autophagy flux (di Domenico et al., 2019).

4.2. Modelling sporadic PD with iPSCs

iPSC neurons derived from familiar PD patients with known genetic
lesions have provided clues about the molecular aspects of DAergic
degeneration. However, up to now data on iPSCs neurons derived from
sporadic PD patients are less available with respect to hereditary forms,
mostly due to the difficulty of deriving neurons from large cohort of
idiopathic PD patients.

Epigenomic alterations are common events in both sporadic PD
patients and those with a monogenic hereditary form of the disease. The
work of Fernández-Santiago and collaborators (2015) reported for the
first time that iPSC-derived DAergic neurons from sporadic and LRRK2-
associated PD patients share the same epigenomic changes compared to
healthy individuals. Interestingly, these methylation abnormalities be-
come apparent only upon differentiation into DAergic neurons but not
in other neuronal types, as well as they are lacking in somatic parental
cells or undifferentiated iPSCs.

A recent work conducted an extensive transcriptomic and epige-
nomic study on fibroblast, iPSCs and sporadic PD-derived neuronal
cells. In the latter, pathways involved in PD pathogenesis, such as CREB
and PGC1α-regulating pathway, showed alterations in gene expression.
Moreover, they also found a differential regulation of miRNA and
piRNA molecules between control and PD-patients, both in cells and
post-mortem tissue samples. The derivation of neurons from idiopathic
PD patients can thus provide relevant data about the epigenetic sig-
nature of sporadic PD, to identify possible novel pathogenetic pathways
(Schulze et al., 2018).

Genome editing in hiPSC can provide insights into novel associated
risk variants in complex neurodegenerative disorders, functionally
connecting these variations to a phenotype. A novel strategy was used
by Soldner and collaborators in 2016 to unravel the transcriptional
effects of variants in non-coding regulatory elements, by specifically
tuning the genetic settings of the experimental system. A novel common
risk variant in a distal enhancer that regulates SNCA expression was
found to be associated to PD development. Moreover, as a genetic
mechanism responsible for the altered SNCA expression, it was identi-
fied an aberrant binding to their target sequences of EMX2 and NKX6-1,
two transcription factors specific of the brain (Soldner et al., 2016).

Increasing evidence reports a relevant role of non-cell autonomous
component in PD, which seems to modulate disease progression and
spreading.

4.3. iPSCs in drug screening

Besides the new possibilities iPSCs introduced for human disease
modelling, their intrinsic features could also improve drug screening
and identification of new therapeutic targets. Stem cell technology
combined to development of high through put screening (HTS) and
high-content screening platforms (HCS) can circumvent the issues in-
trinsic to these assays. More specifically, these platforms screen billions
of compounds measuring parametric outputs from an incredibly high
number of wells, making the reproducibility of the assay one of the
fundamental features to get consistent results. However, statistical
significance in these types of assays is usually not so easy to obtain,
considering the high variability of stem cell cultures. Reinhardt et al.
(2013b) described the derivation and propagation of human neural
progenitor cells (smNPCs) by means of only small molecules for self-
renewal and expansion, thus significantly reducing time-consuming
steps of selection, manual handling and the related costs. smNPCs de-
monstrates their ability to be efficiently directed towards central ner-
vous system and neural crest lineages, as well as a robust capability of
immortal expansion. Moreover, after two weeks of maturation mDA
neurons derived from smNPCs resulted to be electrophysiologically
active and able to form integrate synaptic connections. smNPCs-derived
neurons demonstrated to recapitulate neurodegenerative signs of the
LRKK2 G2019S mutation. Upon exposure to oxidative cues, mDA
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neurons from patients exhibited a disease phenotype overlapping to the
one already described by a previous study (Nguyen et al., 2011).
Compared to the other cell types used in HTS analyses, smNPCs- de-
rived neurons represent a more affordable tool to be used in screening
of neuroprotective compounds. (Reinhardt et al., 2013b).

Concerning phenotypic-based drug screening, iPSCs derived neu-
rons were used to assess the efficacy of small molecules inhibiting α-
synuclein toxicity previously identified through a yeast screening. In
particular, cortical neurons were derived from familiar PD patients
bearing the A53T mutation in SNCA, known to have a high probability
to develop cortical α-synuclein pathology and PD dementia. Two
compounds identified to suppress α-synuclein toxicity in yeast were
then tested in human cortical neurons. The N-arylbenzimidazole NAB2,
acting through the Rsp5-Nedd4 pathway, was demonstrated to revert
some of the pathologic phenotypes of PD neurons (as increased NO
levels and immature forms of glucocerebrosidase and nicastrin proe-
tins), found also in A53T-mutated patient cortices (Chung et al., 2013).

One of the drawbacks of iPSCs’ disease modelling is represented by
a heterogenous and not always consistent appearance of the disease
phenotypes from line to line. Taking advantage of this issue, a recent
study applied both bulk and high-resolution single cell transcriptomics
in order to decipher gene expression changes driven by the N370S
variant in glucocerebrosidase gene (GBA). Heterozygous mutations in
GBA were demonstrated to be the most common genetic risk factor for
PD (Sidransky et al., 2009), carried by about 5-10% of patients. In-
dividuals harbouring the most common GBA mutation (N370S) have a
clinical presentation typical of idiopathic PD forms (Beavan and
Schapira, 2013). Transcriptomic analyses of DA neurons differentiated
from PD-GBA patients revealed a deregulated axis, triggered by nuclear
mislocalization of HDAC4, that progressively leads to endoplasmic re-
ticulum stress. DA neurons were then used to test different pharmaco-
logical compounds able to modulate localization and activity of
HDAC4. Repurposed drugs, already in clinical trial setting for various
types of cancer, were tested in diseased neurons for their ability to
modulate localization and activity of HDAC4. This regulation proved to
be efficacious in rescuing most of the cellular abnormalities of GBA-PD
neurons, highlighting HDAC4 as a possible novel target in PD treat-
ment. Moreover, since single cell RNA-sequencing can harness inter-
neuronal variability, transcriptomic analyses built a stratification of
patients harbouring GBA N370S mutation consistent with the clinical
one (Lang et al., 2019).

5. Organoids

A key progress in the last five years has not only been the generation
of DAergic neurons from human induced pluripotent stem cells
(Grealish et al., 2014) but also the development of a valid method for
their differentiation into large multicellular organoid-like structures
expressing characteristic markers of human midbrain. Lancaster et al.
(2013) reported for the first time the generation of a three-dimensional
cerebral organoid derived from pluripotent stem cells. The key step of
their protocol, which was modified from neural rosettes derivation
technique, is the neural induction of embryoid bodies kept in suspen-
sion and in agitating conditions. Without the use of patterning growth
factors, cerebral organoids are allowed to self-organize in discrete
identities, resembling human brain early development (Lancaster et al.,
2013, Lancaster and Knoblich, 2014). In the last few years, different
modifications have been implemented to the protocol, mostly to reach
an increased neuronal survival, oxygen supply and axon outgrowth. The
overall improvement of these systems allows a more accurate modelling
of neuronal circuitry and physiological brain organization. An inter-
esting approach derived from organotypic slice culture method has
been applied to the technique. Air–liquid interface cerebral organoids
are characterized by a more physiological morphology and significantly
improved survival, together with an axon outgrowth dynamic similar to
the one found in vivo (Giandomenico et al., 2019). Jo et al. (2016)
produced human 3D midbrain-like organoids containing electrically
active and functionally mature midbrain DAergic neurons and with
detectable DA production. These midbrain-like organoids also produced
neuromelanin-like granules that were comparable to those character-
ized from human SN. Notably, few years ago different groups published
the use of 3D brain organoids as model for pathological human phe-
notype, including neurodegenerative diseases such as Alzheimer’s dis-
ease (Raja et al., 2016; Pavoni et al., 2018). Accordingly, the rapid
advancement of this approach offers the possibility of a key progress in
the evaluation of therapeutic approaches on more physiologically re-
levant models opening new perspectives also for future approaches in
drug discovery.

A very recent study described the generation of isogenic iPSC-de-
rived midbrain organoids containing a G2019S mutation in LRRK2
(Kim et al., 2019). 3D midbrain organoids show in a differentiation-
dependent manner the expression of several DAergic neuronal markers
such as VMAT2, TH, NURR1 and DAT as well as the expression of ad-
ditional midbrain markers suggesting that these organoids from day 45
closely resemble the mature DAergic midbrain (Kim et al., 2019). Of
relevance, the study showed that LRRK2-mutant midbrain organoids

Table 1
List of the main advantages and disadvantages of the in vitro models used in the field of PD.

Model Advantages Disadvantages

Cell lines - high reproducibility
- easy transfection and genetic manipulation
- expression of the DAergic machinery upon differentiation
- human genetic background

- oncogenic (presence of chromosomal and genomic
aberrations)

- absence of several key neuronal functional properties
- simplified cell system

Primary nigral cultures - physiological properties similar to in vivo DAergic neurons
- rapid maturation and differentiation
- possibility to derive neurons from genetic animal models

- heterogeneous system, low reproducibility
- high percentage of glial cells
- no human genetic background

Primary striatal cultures - high expression of DA receptors, NMDA-type glutamate receptors and of the
main striatal markers

- possibility of co-colturing with cortical neurons

- heterogeneous system, low reproducibility
- absence of spontaneous network activity and almost aspiny

iPSCs - mature neuronal physiology and morphology
- human genetic background
- possibility to derive cells from PD patients and to generate isogenic controls

- technical difficulties, time consuming
- issues regarding loss of epigenetic influence during
reprogramming

- difficulties in modelling age-related events
Midbrain

organoids
- overcoming of simplified 2D models
- presence of glia-neurons interactions
- possibility to recapitulate cell autonomous and non-cell autonomous aspects
- exhibit key features of mature midbrain DAergic neurons
- patients’ specific model

- rise of ethical issues
- highly expensive systems
- time consuming and several technical challenges

E. Ferrari, et al. Journal of Neuroscience Methods 340 (2020) 108741

6



are characterized by i. pathological signatures detected in LRRK2 PD
patients, such as augmented aggregation and aberrant clearance of α-
synuclein and ii. gene expression profiles mimicking those observed in
mutant LRRK2-associated sporadic PD patients (Kim et al., 2019).
Overall, this study suggests that midbrain 3D organoids can recapitulate
LRRK2-associated PD better than traditional 2D cultures.

6. Conclusions

PD is mainly characterized by the degeneration of nigrostriatal
DAergic neurons leading to the onset of motor symptoms of the disorder
in patients. The use of a large number of in vitro experimental models
provided the identification of several cellular and molecular mechan-
isms involved in PD pathogenesis. Overall, these models gave a great
contribution to PD research in the last decades. However, as described
also above, all available in vitro models have many disadvantages and,
currently, a reliable and optimal in vitro model for the understanding of
all aspects of PD etiology is still lacking (see Table 1).

Of key relevance, the recent development of iPSC and organoids
technology has allowed the setting up of in vitro models of midbrain
DAergic neurons using cells derived from PD patients. In particular,
novel differentiation protocols for both iPSC and organoids have clearly
demonstrated that these in vitro models have all molecular, functional,
maturation and morphological features to be used for the study of
neurodegenerative diseases such as PD. Accordingly, these human-de-
rived models open new routes for PD modeling and drug screening that
can be further developed and optimized in the next few years.

Declaration of Competing Interest

The authors declare that they have no competing interests

Acknowledgment

This work was supported by funding of the Italian Ministry of
Health [ricerca corrente].

References

Alberio, T., Bossi, A.M., Milli, A., Parma, E., Gariboldi, M.B., Tosi, G., Lopiano, L., Fasano,
M., 2010. Proteomic analysis of dopamine and α-synuclein interplay in a cellular
model of Parkinson’s disease pathogenesis. FEBS J. 277 (23), 4909–4919. https://doi.
org/10.1111/j.1742-4658.2010.07896.x.

Alberio, T., Lopiano, L., Fasano, M., 2012. Cellular models to investigate biochemical
pathways in Parkinson’s disease. FEBS J. 279 (7), 1146–1155. https://doi.org/10.
1111/j.1742-4658.2012.08516.x.

Beavan, M.S., Schapira, A.H.V., 2013. Glucocerebrosidase mutations and the pathogen-
esis of Parkinson disease. Ann. Med. 45 (8), 511–521. https://doi.org/10.3109/
07853890.2013.849003.

Bellucci, A., Collo, G., Sarnico, I., Battistin, L., Missale, C., Spano, P., 2008. Alpha-sy-
nuclein aggregation and cell death triggered by energy deprivation and dopamine
overload are counteracted by D2/D3 receptor activation. J Neurochem. 106 (2),
560–577. https://doi.org/10.1111/j.1471-4159.2008.05406.x.

Bellucci, A., Navarria, L., Zaltieri, M., Falarti, E., Bodei, S., Sigala, S., Battistin, L.,
Spillantini, M., Missale, C., Spano, P., 2011. Induction of the unfolded protein re-
sponse by α-synuclein in experimental models of Parkinson’s disease. J Neurochem.
116 (4), 588–605. https://doi.org/10.1111/j.1471-4159.2010.07143.x.

Biedler, J.L., Roffler-Tarlov, S., Schachner, M., Freedman, L.S., 1978. Multiple neuro-
transmitter synthesis by human neuroblastoma cell lines and clones. Cancer Res. 38
(11 Pt 1), 3751–3757.

Botta-Orfila, T., Ezquerra, M., Pastor, P., Fernández-Santiago, R., Pont-Sunyer, C.,
Compta, Y., Lorenzo-Betancor, O., Samaranch, L., Martí, M.J., Valldeoriola, F.,
Calopa, M., Fernández, M., Aguilar, M., de Fabregas, O., Hernández-Vara, J., Tolosa,
E., 2012. Age at Onset in LRRK2-Associated PD is Modified by SNCA Variants. J. Mol.
Neurosci. 48 (1), 245–247. https://doi.org/10.1007/s12031-012-9820-7.

Braak, H., Del Tredici, K., Rüb, U., de Vos, R.A.I., Jansen Steur, E.N.H., Braak, E., 2020.
Staging of brain pathology related to sporadic Parkinson’s disease (n.d.). Neurobiol.
Aging 24 (2), 197–211.

Burguière, A., De Bundel, D., Valjent, E., Roger, J., Smolders, I., Fagni, L., Perroy, J.,
2013. Combination of group I mGlu receptors antagonist with dopaminergic agonists
strengthens the synaptic transmission at corticostriatal synapses in culture.
Neuropharmacology 66, 151–157. https://doi.org/10.1016/j.neuropharm.2012.03.
017.

Byers, B., Cord, B., Nguyen, H.N., Schüle, B., Fenno, L., Lee, P.C., Deisseroth, K., Langston,

J.W., Pera, R.R., Palmer, T.D., 2011. SNCA Triplication Parkinson’s Patient’s iPSC-
derived DA Neurons Accumulate α-Synuclein and Are Susceptible to Oxidative Stress.
PLoS One 6 (11), e26159. https://doi.org/10.1371/journal.pone.0026159.

Calabresi, P., Picconi, B., Tozzi, A., Di Filippo, M., 2007. Dopamine-mediated regulation
of corticostriatal synaptic plasticity. Trends Neurosci. 30 (5), 211–219. https://doi.
org/10.1016/j.tins.2007.03.001.

Cantu, D., Fulton, R.E., Drechsel, D.A., Patel, M., 2011. Mitochondrial aconitase knock-
down attenuates paraquat-induced dopaminergic cell death via decreased cellular
metabolism and release of iron and H2O2. J. Neurochem. 118 (1), 79–92. https://doi.
org/10.1111/j.1471-4159.2011.07290.x.

Castro, D.S., Hermanson, E., Joseph, B., Wallén, A., Aarnisalo, P., Heller, A., Perlmann, T.,
2001. Induction of cell cycle arrest and morphological differentiation by Nurr1 and
retinoids in dopamine MN9D cells. J. Biol. Chem. 276 (46), 43277–43284. https://
doi.org/10.1074/jbc.M107013200.

Chang, K.-H., Lee-Chen, G.-J., Wu, Y.-R., Chen, Y.-J., Lin, J.-L., Li, M., Chen, I.-C., Lo, Y.-
S., Wu, H.-C., Chen, C.-M., 2016. Impairment of proteasome and anti-oxidative
pathways in the induced pluripotent stem cell model for sporadic Parkinson’s disease.
Parkinsonism Relat. Disord. 24, 81–88. https://doi.org/10.1016/j.parkreldis.2016.
01.001.

Cheung, Y.-T., Lau, W.K.-W., Yu, M.-S., Lai, C.S.-W., Yeung, S.-C., So, K.-F., Chang, R.C.-
C., 2009. Effects of all-trans-retinoic acid on human SH-SY5Y neuroblastoma as in
vitro model in neurotoxicity research. Neurotoxicology 30 (1), 127–135. https://doi.
org/10.1016/j.neuro.2008.11.001.

Choi, H.K., Won, L.A., Kontur, P.J., Hammond, D.N., Fox, A.P., Wainer, B.H., Hoffmann,
P.C., Heller, A., 1991. Immortalization of embryonic mesencephalic dopaminergic
neurons by somatic cell fusion. Brain Res. 552 (1), 67–76. https://doi.org/10.1016/
0006-8993(91)90661-e.

Choi, W.-S., Kruse, S.E., Palmiter, R.D., Xia, Z., 2008. Mitochondrial complex I inhibition
is not required for dopaminergic neuron death induced by rotenone, MPP+, or
paraquat. Proc. Natl. Acad. Sci. 105 (39), 15136–15141. https://doi.org/10.1073/
pnas.0807581105.

Chung, C.Y., Khurana, V., Auluck, P.K., Tardiff, D.F., Mazzulli, J.R., Soldner, F., Baru, V.,
Lou, Y., Freyzon, Y., Cho, S., Mungenast, A.E., Muffat, J., Mitalipova, M., Pluth, M.D.,
Jui, N.T., Schule, B., Lippard, S.J., Tsai, L.-H., Krainc, D., Buchwald, S.L., Jaenisch, R.,
Lindquist, S., 2013. Identification and Rescue of -Synuclein Toxicity in Parkinson
Patient-Derived Neurons. Science. 342 (6161), 983–987. https://doi.org/10.1126/
science.1245296.

Clarkson, E.D., Rosa, F.G., Edwards-Prasad, J., Weiland, D.A., Witta, S.E., Freed, C.R.,
Prasad, K.N., 1998. Improvement of neurological deficits in 6-hydroxydopamine-le-
sioned rats after transplantation with allogeneic simian virus 40 large tumor antigen
gene-induced immortalized dopamine cells. Proc. Natl. Acad. Sci. U. S. A. 95 (3),
1265–1270. https://doi.org/10.1073/pnas.95.3.1265.

Cooper, O., Seo, H., Andrabi, S., Guardia-Laguarta, C., Graziotto, J., Sundberg, M.,
McLean, J.R., Carrillo-Reid, L., Xie, Z., Osborn, T., Hargus, G., Deleidi, M., Lawson,
T., Bogetofte, H., Perez-Torres, E., Clark, L., Moskowitz, C., Mazzulli, J., Chen, L.,
Volpicelli-Daley, L., Romero, N., Jiang, H., Uitti, R.J., Huang, Z., Opala, G., Scarffe,
L.A., Dawson, V.L., Klein, C., Feng, J., Ross, O.A., Trojanowski, J.Q., Lee, V.M.-Y.,
Marder, K., Surmeier, D.J., Wszolek, Z.K., Przedborski, S., Krainc, D., Dawson, T.M.,
Isacson, O., 2012. Pharmacological Rescue of Mitochondrial Deficits in iPSC-Derived
Neural Cells from Patients with Familial Parkinson’s Disease. Sci. Transl. Med. 4
(141). https://doi.org/10.1126/scitranslmed.3003985. 141ra90-141ra90.

Cristóvão, A.C., Choi, D.-H., Baltazar, G., Beal, M.F., Kim, Y.-S., 2009. The role of NADPH
oxidase 1-derived reactive oxygen species in paraquat-mediated dopaminergic cell
death. Antioxid. Redox Signal. 11 (9), 2105–2118. https://doi.org/10.1089/ARS.
2009.2459.

Dawson, T.M., Ko, H.S., Dawson, V.L., 2010. Genetic Animal Models of Parkinson’s
Disease. Neuron 66 (5), 646–661. https://doi.org/10.1016/j.neuron.2010.04.034.

Devine, M.J., Ryten, M., Vodicka, P., Thomson, A.J., Burdon, T., Houlden, H., Cavaleri, F.,
Nagano, M., Drummond, N.J., Taanman, J.-W., Schapira, A.H., Gwinn, K., Hardy, J.,
Lewis, P.A., Kunath, T., 2011. Parkinson’s disease induced pluripotent stem cells with
triplication of the α-synuclein locus. Nat. Commun. 2 (1), 440. https://doi.org/10.
1038/ncomms1453.

di Domenico, A., Carola, G., Calatayud, C., Pons-Espinal, M., Muñoz, J.P., Richaud-Patin,
Y., Fernandez-Carasa, I., Gut, M., Faella, A., Parameswaran, J., Soriano, J., Ferrer, I.,
Tolosa, E., Zorzano, A., Cuervo, A.M., Raya, A., Consiglio, A., 2019. Patient-Specific
iPSC-Derived Astrocytes Contribute to Non-Cell-Autonomous Neurodegeneration in
Parkinson’s Disease. Stem Cell Reports 12 (2), 213–229. https://doi.org/10.1016/j.
stemcr.2018.12.011.

Diógenes, M.J., Dias, R.B., Rombo, D.M., Vicente Miranda, H., Maiolino, F., Guerreiro, P.,
Näsström, T., Franquelim, H.G., Oliveira, L.M., Castanho, M.A., Lannfelt, L.,
Bergström, J., Ingelsson, M., Quintas, A., Sebastião, A.M., Lopes, L.V., Outeiro, T.F.,
2012. Extracellular alpha-synuclein oligomers modulate synaptic transmission and
impair LTP via NMDA-receptor activation. J Neurosci. 32 (34), 11750–11762.
https://doi.org/10.1523/JNEUROSCI.0234-12.2012.

Dranka, B.P., Zielonka, J., Kanthasamy, A.G., Kalyanaraman, B., 2012. Alterations in
bioenergetic function induced by Parkinson’s disease mimetic compounds: lack of
correlation with superoxide generation. J. Neurochem. 122 (5), 941–951. https://
doi.org/10.1111/j.1471-4159.2012.07836.x.

Dudman, J.T., Eaton, M.E., Rajadhyaksha, A., Macías, W., Taher, M., Barczak, A.,
Kameyama, K., Huganir, R., Konradi, C., 2003. Dopamine D1 receptors mediate CREB
phosphorylation via phosphorylation of the NMDA receptor at Ser897-NR1. J.
Neurochem. 87 (4), 922–934. https://doi.org/10.1046/j.1471-4159.2003.02067.x.

Encinas, M., Iglesias, M., Liu, Y., Wang, H., Muhaisen, A., Ceña, V., Gallego, C., Comella,
J.X., 2000. Sequential treatment of SH-SY5Y cells with retinoic acid and brain-de-
rived neurotrophic factor gives rise to fully differentiated, neurotrophic factor-de-
pendent, human neuron-like cells. J. Neurochem. 75 (3), 991–1003. https://doi.org/

E. Ferrari, et al. Journal of Neuroscience Methods 340 (2020) 108741

7

https://doi.org/10.1111/j.1742-4658.2010.07896.x
https://doi.org/10.1111/j.1742-4658.2010.07896.x
https://doi.org/10.1111/j.1742-4658.2012.08516.x
https://doi.org/10.1111/j.1742-4658.2012.08516.x
https://doi.org/10.3109/07853890.2013.849003
https://doi.org/10.3109/07853890.2013.849003
https://doi.org/10.1111/j.1471-4159.2008.05406.x
https://doi.org/10.1111/j.1471-4159.2010.07143.x
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0030
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0030
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0030
https://doi.org/10.1007/s12031-012-9820-7
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0040
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0040
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0040
https://doi.org/10.1016/j.neuropharm.2012.03.017
https://doi.org/10.1016/j.neuropharm.2012.03.017
https://doi.org/10.1371/journal.pone.0026159
https://doi.org/10.1016/j.tins.2007.03.001
https://doi.org/10.1016/j.tins.2007.03.001
https://doi.org/10.1111/j.1471-4159.2011.07290.x
https://doi.org/10.1111/j.1471-4159.2011.07290.x
https://doi.org/10.1074/jbc.M107013200
https://doi.org/10.1074/jbc.M107013200
https://doi.org/10.1016/j.parkreldis.2016.01.001
https://doi.org/10.1016/j.parkreldis.2016.01.001
https://doi.org/10.1016/j.neuro.2008.11.001
https://doi.org/10.1016/j.neuro.2008.11.001
https://doi.org/10.1016/0006-8993(91)90661-e
https://doi.org/10.1016/0006-8993(91)90661-e
https://doi.org/10.1073/pnas.0807581105
https://doi.org/10.1073/pnas.0807581105
https://doi.org/10.1126/science.1245296
https://doi.org/10.1126/science.1245296
https://doi.org/10.1073/pnas.95.3.1265
https://doi.org/10.1126/scitranslmed.3003985
https://doi.org/10.1089/ARS.2009.2459
https://doi.org/10.1089/ARS.2009.2459
https://doi.org/10.1016/j.neuron.2010.04.034
https://doi.org/10.1038/ncomms1453
https://doi.org/10.1038/ncomms1453
https://doi.org/10.1016/j.stemcr.2018.12.011
https://doi.org/10.1016/j.stemcr.2018.12.011
https://doi.org/10.1523/JNEUROSCI.0234-12.2012
https://doi.org/10.1111/j.1471-4159.2012.07836.x
https://doi.org/10.1111/j.1471-4159.2012.07836.x
https://doi.org/10.1046/j.1471-4159.2003.02067.x
https://doi.org/10.1046/j.1471-4159.2000.0750991.x


10.1046/j.1471-4159.2000.0750991.x.
Evangelopoulos, M.E., Weis, J., Krüttgen, A., 2005. Signalling pathways leading to neu-

roblastoma differentiation after serum withdrawal: HDL blocks neuroblastoma dif-
ferentiation by inhibition of EGFR. Oncogene 24 (20), 3309–3318. https://doi.org/
10.1038/sj.onc.1208494.

Falk, T., Zhang, S., Erbe, E.L., Sherman, S.J., 2006. Neurochemical and electro-
physiological characteristics of rat striatal neurons in primary culture. J. Comp.
Neurol. 494 (2), 275–289. https://doi.org/10.1002/cne.20819.

Fares, M.B., Ait-Bouziad, N., Dikiy, I., Mbefo, M.K., Jovičić, A., Kiely, A., Holton, J.L., Lee,
S.J., Gitler, A.D., Eliezer, D., Lashuel, H.A., 2014. The novel Parkinson’s disease
linked mutation G51D attenuates in vitro aggregation and membrane binding of α-
synuclein, and enhances its secretion and nuclear localization in cells. Hum Mol
Genet. 23 (17), 4491–4509. https://doi.org/10.1093/hmg/ddu165.

Ferlazzo, N., Currò, M., Giunta, M.L., Longo, D., Rizzo, V., Caccamo, D., Ientile, R., 2019.
Up-regulation of HIF-1α is associated with neuroprotective effects of agmatine
against rotenone-induced toxicity in differentiated SH-SY5Y cells. Amino Acids.
https://doi.org/10.1007/s00726-019-02759-6.

Fernández-Santiago, R., Carballo-Carbajal, I., Castellano, G., Torrent, R., Richaud, Y.,
Sánchez-Danés, A., Vilarrasa-Blasi, R., Sánchez-Pla, A., Mosquera, J.L., Soriano, J.,
López-Barneo, J., Canals, J.M., Alberch, J., Raya, Á., Vila, M., Consiglio, A., Martín-
Subero, J.I., Ezquerra, M., Tolosa, E., 2015. Aberrant epigenome in iPSC-derived
dopaminergic neurons from Parkinson’s disease patients. EMBO Mol. Med. 7 (12),
1529–1546. https://doi.org/10.15252/emmm.201505439.

Flores-Hernández, J., Cepeda, C., Hernández-Echeagaray, E., Calvert, C.R., Jokel, E.S.,
Fienberg, A.A., Greengard, P., Levine, M.S., 2002. Dopamine Enhancement of NMDA
Currents in Dissociated Medium-Sized Striatal Neurons: Role of D1 Receptors and
DARPP-32. J. Neurophysiol. 88 (6), 3010–3020. https://doi.org/10.1152/jn.00361.
2002.

Gao, L., Zhou, W., Symmes, B., Freed, C.R., 2016. Re-Cloning the N27 Dopamine Cell Line
to Improve a Cell Culture Model of Parkinson’s Disease. PLoS One 11 (8), e0160847.
https://doi.org/10.1371/journal.pone.0160847.

Garcia-Munoz, M., Taillefer, E., Pnini, R., Vickers, C., Miller, J., Arbuthnott, G.W., 2015.
Rebuilding a realistic corticostriatal “social network” from dissociated cells. Front.
Syst. Neurosci 9. https://doi.org/10.3389/fnsys.2015.00063.

Gardoni, F., Bellone, C., 2015. Modulation of the glutamatergic transmission by
Dopamine: a focus on Parkinson, Huntington and Addiction diseases. Front. Cell.
Neurosci. 9. https://doi.org/10.3389/fncel.2015.00025.

Giandomenico, S.L., Mierau, S.B., Gibbons, G.M., Wenger, L., Masullo, L., Sit, T., Sutcliffe,
M., Boulanger, J., Tripodi, M., Derivery, E., Paulsen, O., Lakatos, A., Lancaster, M.A.,
2019. Cerebral organoids at the air-liquid interface generate diverse nerve tracts with
functional output. Nat Neurosci. 22 (4), 669–679. https://doi.org/10.1038/s41593-
019-0350-2.

Golub, Y., Berg, D., Calne, D.B., Pfeiffer, R.F., Uitti, R.J., Stoessl, A.J., Wszolek, Z.K.,
Farrer, M.J., Mueller, J.C., Gasser, T., Fuchs, J., 2009. Genetic factors influencing age
at onset in LRRK2-linked Parkinson disease. Parkinsonism Relat. Disord. 15 (7),
539–541. https://doi.org/10.1016/j.parkreldis.2008.10.008.

Grau, C.M., Greene, L.A., 2012. Use of PC12 cells and rat superior cervical ganglion
sympathetic neurons as models for neuroprotective assays relevant to Parkinson’s
disease. Methods Mol. Biol. 846, 201–211. https://doi.org/10.1007/978-1-61779-
536-7_18.

Grealish, S., Diguet, E., Kirkeby, A., Mattsson, B., Heuer, A., Bramoulle, Y., Van Camp, N.,
Perrier, A.L., Hantraye, P., Björklund, A., Parmar, M., 2014. Human ESC-Derived
Dopamine Neurons Show Similar Preclinical Efficacy and Potency to Fetal Neurons
when Grafted in a Rat Model of Parkinson’s Disease. Cell Stem Cell 15 (5), 653–665.
https://doi.org/10.1016/j.stem.2014.09.017.

Greene, L.A., Tischler, A.S., 1976. Establishment of a noradrenergic clonal line of rat
adrenal pheochromocytoma cells which respond to nerve growth factor. Proc. Natl.
Acad. Sci. U. S. A. 73 (7), 2424–2428. https://doi.org/10.1073/pnas.73.7.2424.

Hallett, P.J., 2006. Dopamine D1 Activation Potentiates Striatal NMDA Receptors by
Tyrosine Phosphorylation-Dependent Subunit Trafficking. J. Neurosci. 26 (17),
4690–4700. https://doi.org/10.1523/JNEUROSCI.0792-06.2006.

Harischandra, D.S., Jin, H., Anantharam, V., Kanthasamy, A., Kanthasamy, A.G., 2015. α-
Synuclein protects against manganese neurotoxic insult during the early stages of
exposure in a dopaminergic cell model of Parkinson’s disease. Toxicol. Sci. 143 (2),
454–468. https://doi.org/10.1093/toxsci/kfu247.

Harris, G., Eschment, M., Orozco, S.P., McCaffery, J.M., Maclennan, R., Severin, D., Leist,
M., Kleensang, A., Pamies, D., Maertens, A., Hogberg, H.T., Freeman, D., Kirkwood,
A., Hartung, T., Smirnova, L., 2018. Toxicity, recovery, and resilience in a 3D do-
paminergic neuronal in vitro model exposed to rotenone. Arch. Toxicol. 92 (8),
2587–2606. https://doi.org/10.1007/s00204-018-2250-8.

Haston, K.M., Finkbeiner, S., 2016. Clinical Trials in a Dish: The Potential of Pluripotent
Stem Cells to Develop Therapies for Neurodegenerative Diseases. Annu. Rev.
Pharmacol. Toxicol. 56 (1), 489–510. https://doi.org/10.1146/annurev-pharmtox-
010715-103548.

Heller, A., Price, S., Won, L., 1996. Glial-derived neurotrophic factor (GDNF) induced
morphological differentiation of an immortalized monoclonal hybrid dopaminergic
cell line of mesencephalic neuronal origin. Brain Res. 725 (1), 132–136. https://doi.
org/10.1016/0006-8993(96)00345-9.

Hermanson, E., Joseph, B., Castro, D., Lindqvist, E., Aarnisalo, P., Wallén, A., Benoit, G.,
Hengerer, B., Olson, L., Perlmann, T., 2003. Nurr1 regulates dopamine synthesis and
storage in MN9D dopamine cells. Exp. Cell Res. 288 (2), 324–334. https://doi.org/
10.1016/s0014-4827(03)00216-7.

Herrup, K., Yang, Y., 2007. Cell cycle regulation in the postmitotic neuron: oxymoron or
new biology? Nat. Rev. Neurosci. 8 (5), 368–378. https://doi.org/10.1038/nrn2124.

Höllerhage, M., Moebius, C., Melms, J., Chiu, W.-H., Goebel, J.N., Chakroun, T.,
Koeglsperger, T., Oertel, W.H., Rösler, T.W., Bickle, M., Höglinger, G.U., 2017.

Protective efficacy of phosphodiesterase-1 inhibition against alpha-synuclein toxicity
revealed by compound screening in LUHMES cells. Sci. Rep. 7 (1), 11469. https://
doi.org/10.1038/s41598-017-11664-5.

Hsieh, C.-H., Shaltouki, A., Gonzalez, A.E., Bettencourt da Cruz, A., Burbulla, L.F., St.
Lawrence, E., Schüle, B., Krainc, D., Palmer, T.D., Wang, X., 2016. Functional
Impairment in Miro Degradation and Mitophagy Is a Shared Feature in Familial and
Sporadic Parkinson’s Disease. Cell Stem Cell 19 (6), 709–724. https://doi.org/10.
1016/j.stem.2016.08.002.

Hussain, S., Hass, B.S., Slikker, W., Ali, S.F., 1999. Reduced levels of catalase activity
potentiate MPP+-induced toxicity: comparison between MN9D cells and CHO cells.
Toxicol. Lett. 104 (1–2), 49–56. https://doi.org/10.1016/s0378-4274(98)00231-8.

Jo, J., Xiao, Y., Sun, A.X., Cukuroglu, E., Tran, H.-D., Göke, J., Tan, Z.Y., Saw, T.Y., Tan,
C.-P., Lokman, H., Lee, Y., Kim, D., Ko, H.S., Kim, S.-O., Park, J.H., Cho, N.-J., Hyde,
T.M., Kleinman, J.E., Shin, J.H., Weinberger, D.R., Tan, E.K., Je, H.S., Ng, H.-H.,
2016. Midbrain-like Organoids from Human Pluripotent Stem Cells Contain
Functional Dopaminergic and Neuromelanin-Producing Neurons. Cell Stem Cell 19
(2), 248–257. https://doi.org/10.1016/j.stem.2016.07.005.

Ju, D.-T., Sivalingam, K., Kuo, W.-W., Ho, T.-J., Chang, R.-L., Chung, L.-C., Day, C.H.,
Viswanadha, V.P., Liao, P.-H., Huang, C.-Y., 2019. Effect of Vasicinone against
Paraquat-Induced MAPK/p53-Mediated Apoptosis via the IGF-1R/PI3K/AKT
Pathway in a Parkinson’s Disease-Associated SH-SY5Y Cell Model. Nutrients 11 (7).
https://doi.org/10.3390/nu11071655.

Kim, H., Park, H.J., Choi, H., Chang, Y., Park, H., Shin, J., Kim, J., Lengner, C.J., Lee, Y.K.,
Kim, J., 2019. Modeling G2019S-LRRK2 Sporadic Parkinson’s Disease in 3D Midbrain
Organoids. Stem Cell Reports 12 (3), 518–531. https://doi.org/10.1016/j.stemcr.
2019.01.020.

Kim, K.M., Nakajima, S., Nakajima, Y., 1997. Dopamine and GABA receptors in cultured
substantia nigra neurons: correlation of electrophysiology and im-
munocytochemistry. Neuroscience 78 (3), 759–769. https://doi.org/10.1016/s0306-
4522(96)00585-4.

Kim, M.S., Yu, J.M., Kim, H.J., Kim, H.B., Kim, S.T., Jang, S.K., Choi, Y.W., Lee, D.I., Joo,
S.S., 2014. Ginsenoside Re and Rd enhance the expression of cholinergic markers and
neuronal differentiation in Neuro-2a cells. Biol. Pharm. Bull. 37 (5), 826–833.
https://doi.org/10.1248/bpb.b14-00011.

Klebe, R.J., Ruddle, F.H., 1969. Neuroblastoma: Cell culture analysis of a differentiating
stem cell system. J. Cell Biol. 43 (69A), 1969.

Kovalevich, J., Langford, D., 2013. Considerations for the use of SH-SY5Y neuroblastoma
cells in neurobiology. Methods Mol. Biol. 1078, 9–21. https://doi.org/10.1007/978-
1-62703-640-5_2.

Lancaster, M.A., Knoblich, J.A., 2014. Generation of cerebral organoids from human
pluripotent stem cells. Nat. Protoc. 9 (10), 2329–2340. https://doi.org/10.1038/
nprot.2014.158.

Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., Hurles, M.E.,
Homfray, T., Penninger, J.M., Jackson, A.P., Knoblich, J.A., 2013. Cerebral organoids
model human brain development and microcephaly. Nature 501, 373–379. https://
doi.org/10.1038/nature12517.

Lang, C., Campbell, K.R., Ryan, B.J., Cowley, S.A., Webber, C., Wade-Martins
Correspondence, R., 2019. Single-Cell Sequencing of iPSC-Dopamine Neurons
Reconstructs Disease Progression and Identifies HDAC4 as a Regulator of Parkinson
Cell Phenotypes. Cell Stem Cell 24, 93–106. https://doi.org/10.1016/j.stem.2018.10.
023.

Lee, H.-J., Suk, J.-E., Patrick, C., Bae, E.-J., Cho, J.-H., Rho, S., Hwang, D., Masliah, E.,
Lee, S.-J., 2010. Direct Transfer of α-Synuclein from Neuron to Astroglia Causes
Inflammatory Responses in Synucleinopathies. J. Biol. Chem. 285 (12), 9262–9272.
https://doi.org/10.1074/jbc.M109.081125.

Lee, J., Song, K., Huh, E., Oh, M.S., Kim, Y.S., 2018. Neuroprotection against 6-OHDA
toxicity in PC12 cells and mice through the Nrf2 pathway by a sesquiterpenoid from
Tussilago farfara. Redox Biol. 18, 6–15. https://doi.org/10.1016/j.redox.2018.05.
015.

Lee, M.K., Nikodem, V.M., 2004. Differential role of ERK in cAMP-induced Nurr1 ex-
pression in N2A and C6 cells. Neuroreport 15 (1), 99–102. https://doi.org/10.1097/
00001756-200401190-00020.

LePage, K.T., Dickey, R.W., Gerwick, W.H., Jester, E.L., Murray, T.F., 2005. On the use of
neuro-2a neuroblastoma cells versus intact neurons in primary culture for neuro-
toxicity studies. Crit. Rev. Neurobiol. 17 (1), 27–50.

Li, H., Yang, J., Wang, Y., Liu, Q., Cheng, J., Wang, F., 2019a. Neuroprotective effects of
increasing levels of HSP70 against neuroinflammation in Parkinson’s disease model
by inhibition of NF-κB and STAT3. Life Sci. 234, 116747. https://doi.org/10.1016/j.
lfs.2019.116747.

Li, L., Liu, H., Song, H., Qin, Y., Wang, Y., Xu, M., Liu, C., Gao, J., Sun, S., 2017. Let-7d
microRNA Attenuates 6-OHDA-Induced Injury by Targeting Caspase-3 in MN9D
Cells. J. Mol. Neurosci. 63 (3–4), 403–411. https://doi.org/10.1007/s12031-017-
0994-x.

Li, N., Wu, Y., Zhu, L., Huang, Y., Liu, Z., Shi, M., Soltys, D., Zhang, J., Chang, Q., 2019b.
Extracellular microvesicles-derived from microglia treated with unaggregated α-sy-
nuclein attenuate mitochondrial fission and toxicity-induced by Parkinsonian toxin
MPP+. Biochem. Biophys. Res. Commun. 517 (4), 642–647. https://doi.org/10.
1016/j.bbrc.2019.07.084.

Limboonreung, T., Tuchinda, P., Chongthammakun, S., 2019. Chrysoeriol mediates mi-
tochondrial protection via PI3K/Akt pathway in MPP+ treated SH-SY5Y cells.
Neurosci. Lett. 134545. https://doi.org/10.1016/j.neulet.2019.134545.

Lin, X., Parisiadou, L., Sgobio, C., Liu, G., Yu, J., Sun, L., Shim, H., Gu, X.-L., Luo, J., Long,
C.-X., Ding, J., Mateo, Y., Sullivan, P.H., Wu, L.-G., Goldstein, D.S., Lovinger, D., Cai,
H., 2012. Conditional Expression of Parkinson’s Disease-Related Mutant -Synuclein in
the Midbrain Dopaminergic Neurons Causes Progressive Neurodegeneration and
Degradation of Transcription Factor Nuclear Receptor Related 1. J. Neurosci. 32 (27),

E. Ferrari, et al. Journal of Neuroscience Methods 340 (2020) 108741

8

https://doi.org/10.1046/j.1471-4159.2000.0750991.x
https://doi.org/10.1038/sj.onc.1208494
https://doi.org/10.1038/sj.onc.1208494
https://doi.org/10.1002/cne.20819
https://doi.org/10.1093/hmg/ddu165
https://doi.org/10.1007/s00726-019-02759-6
https://doi.org/10.15252/emmm.201505439
https://doi.org/10.1152/jn.00361.2002
https://doi.org/10.1152/jn.00361.2002
https://doi.org/10.1371/journal.pone.0160847
https://doi.org/10.3389/fnsys.2015.00063
https://doi.org/10.3389/fncel.2015.00025
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1016/j.parkreldis.2008.10.008
https://doi.org/10.1007/978-1-61779-536-7_18
https://doi.org/10.1007/978-1-61779-536-7_18
https://doi.org/10.1016/j.stem.2014.09.017
https://doi.org/10.1073/pnas.73.7.2424
https://doi.org/10.1523/JNEUROSCI.0792-06.2006
https://doi.org/10.1093/toxsci/kfu247
https://doi.org/10.1007/s00204-018-2250-8
https://doi.org/10.1146/annurev-pharmtox-010715-103548
https://doi.org/10.1146/annurev-pharmtox-010715-103548
https://doi.org/10.1016/0006-8993(96)00345-9
https://doi.org/10.1016/0006-8993(96)00345-9
https://doi.org/10.1016/s0014-4827(03)00216-7
https://doi.org/10.1016/s0014-4827(03)00216-7
https://doi.org/10.1038/nrn2124
https://doi.org/10.1038/s41598-017-11664-5
https://doi.org/10.1038/s41598-017-11664-5
https://doi.org/10.1016/j.stem.2016.08.002
https://doi.org/10.1016/j.stem.2016.08.002
https://doi.org/10.1016/s0378-4274(98)00231-8
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.3390/nu11071655
https://doi.org/10.1016/j.stemcr.2019.01.020
https://doi.org/10.1016/j.stemcr.2019.01.020
https://doi.org/10.1016/s0306-4522(96)00585-4
https://doi.org/10.1016/s0306-4522(96)00585-4
https://doi.org/10.1248/bpb.b14-00011
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0290
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0290
https://doi.org/10.1007/978-1-62703-640-5_2
https://doi.org/10.1007/978-1-62703-640-5_2
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/nature12517
https://doi.org/10.1016/j.stem.2018.10.023
https://doi.org/10.1016/j.stem.2018.10.023
https://doi.org/10.1074/jbc.M109.081125
https://doi.org/10.1016/j.redox.2018.05.015
https://doi.org/10.1016/j.redox.2018.05.015
https://doi.org/10.1097/00001756-200401190-00020
https://doi.org/10.1097/00001756-200401190-00020
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0330
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0330
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0330
https://doi.org/10.1016/j.lfs.2019.116747
https://doi.org/10.1016/j.lfs.2019.116747
https://doi.org/10.1007/s12031-017-0994-x
https://doi.org/10.1007/s12031-017-0994-x
https://doi.org/10.1016/j.bbrc.2019.07.084
https://doi.org/10.1016/j.bbrc.2019.07.084
https://doi.org/10.1016/j.neulet.2019.134545


9248–9264. https://doi.org/10.1523/JNEUROSCI.1731-12.2012.
Lopert, P., Day, B.J., Patel, M., 2012. Thioredoxin reductase deficiency potentiates oxi-

dative stress, mitochondrial dysfunction and cell death in dopaminergic cells. PLoS
One 7 (11), e50683. https://doi.org/10.1371/journal.pone.0050683.

Lopes, F.M., Bristot, I.J., da Motta, L.L., Parsons, R.B., Klamt, F., 2017. Mimicking
Parkinson’s Disease in a Dish: Merits and Pitfalls of the Most Commonly used
Dopaminergic In Vitro Models. Neuromolecular Med. 19 (2–3), 241–255. https://doi.
org/10.1007/s12017-017-8454-x.

Lopes, F.M., Schröder, R., Júnior, M.L.C., da, F., Zanotto-Filho, A., Müller, C.B., Pires,
A.S., Meurer, R.T., Colpo, G.D., Gelain, D.P., Kapczinski, F., Moreira, J.C.F.,
Fernandes, M., da, C., Klamt, F., 2010. Comparison between proliferative and neuron-
like SH-SY5Y cells as an in vitro model for Parkinson disease studies. Brain Res. 1337,
85–94. https://doi.org/10.1016/j.brainres.2010.03.102.

Loria, F., Vargas, J.Y., Bousset, L., Syan, S., Salles, A., Melki, R., Zurzolo, C., 2017. α-
Synuclein transfer between neurons and astrocytes indicates that astrocytes play a
role in degradation rather than in spreading. Acta Neuropathol. 134 (5), 789–808.
https://doi.org/10.1007/s00401-017-1746-2.

Lualdi, M., Ronci, M., Zilocchi, M., Corno, F., Turilli, E.S., Sponchiado, M., Aceto, A.,
Alberio, T., Fasano, M., 2019. Exploring the Mitochondrial Degradome by the TAILS
Proteomics Approach in a Cellular Model of Parkinson’s Disease. Front. Aging
Neurosci. 11, 195. https://doi.org/10.3389/fnagi.2019.00195.

Mahul-Mellier, A.L., Fauvet, B., Gysbers, A., Dikiy, I., Oueslati, A., Georgeon, S.,
Lamontanara, A.J., Bisquertt, A., Eliezer, D., Masliah, E., Halliday, G., Hantschel, O.,
Lashuel, H.A., 2014. c-Abl phosphorylates α-synuclein and regulates its degradation:
implication for α-synuclein clearance and contribution to the pathogenesis of
Parkinson’s disease. Hum Mol Genet. 23 (11), 2858–2879. https://doi.org/10.1093/
hmg/ddt674.

Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E., Church,
G.M., 2013. RNA-Guided Human Genome Engineering via Cas9. Science. 339 (6121),
823–826. https://doi.org/10.1126/science.1232033.

Marey-Semper, I., Gelman, M., Lévi-Strauss, M., 1995. A selective toxicity toward cul-
tured mesencephalic dopaminergic neurons is induced by the synergistic effects of
energetic metabolism impairment and NMDA receptor activation. J. Neurosci. 15 (9),
5912–5918.

Masuko, S., Nakajima, S., Nakajima, Y., 1992. Dissociated high-purity dopaminergic
neuron cultures from the substantia nigra and the ventral tegmental area of the
postnatal rat. Neuroscience 49 (2), 347–364. https://doi.org/10.1016/0306-
4522(92)90101-7.

Md, S., Alhakamy, N.A., Aldawsari, H.M., Asfour, H.Z., 2019. Neuroprotective and
Antioxidant Effect of Naringenin-Loaded Nanoparticles for Nose-to-Brain Delivery.
Brain Sci. 9 (10). https://doi.org/10.3390/brainsci9100275.

Miller, J.D., Ganat, Y.M., Kishinevsky, S., Bowman, R.L., Liu, B., Tu, E.Y., Mandal, P.K.,
Vera, E., Shim, J., Kriks, S., Taldone, T., Fusaki, N., Tomishima, M.J., Krainc, D.,
Milner, T.A., Rossi, D.J., Studer, L., 2013. Human iPSC-based modeling of late-onset
disease via progerin-induced aging. Cell Stem Cell 13 (6), 691–705. https://doi.org/
10.1016/j.stem.2013.11.006.

Nguyen, H.N., Byers, B., Cord, B., Shcheglovitov, A., Byrne, J., Gujar, P., Kee, K., Schüle,
B., Dolmetsch, R.E., Langston, W., Palmer, T.D., Pera, R.R., 2011. LRRK2 Mutant
iPSC-Derived DA Neurons Demonstrate Increased Susceptibility to Oxidative Stress.
Cell Stem Cell 8 (3), 267–280. https://doi.org/10.1016/j.stem.2011.01.013.

Obeso, J.A., Stamelou, M., Goetz, C.G., Poewe, W., Lang, A.E., Weintraub, D., Burn, D.,
Halliday, G.M., Bezard, E., Przedborski, S., Lehericy, S., Brooks, D.J., Rothwell, J.C.,
Hallett, M., DeLong, M.R., Marras, C., Tanner, C.M., Ross, G.W., Langston, J.W.,
Klein, C., Bonifati, V., Jankovic, J., Lozano, A.M., Deuschl, G., Bergman, H., Tolosa,
E., Rodriguez-Violante, M., Fahn, S., Postuma, R.B., Berg, D., Marek, K., Standaert,
D.G., Surmeier, D.J., Olanow, C.W., Kordower, J.H., Calabresi, P., Schapira, A.H.V.,
Stoessl, A.J., 2017. Past, present, and future of Parkinson’s disease: A special essay on
the 200th Anniversary of the Shaking Palsy. Mov. Disord. 32 (9), 1264–1310. https://
doi.org/10.1002/mds.27115.

Olmsted, J.B., Carlson, K., Klebe, R., Ruddle, F., Rosenbaum, J., 1970. Isolation of mi-
crotubule protein from cultured mouse neuroblastoma cells. Proc. Natl. Acad. Sci. U.
S. A. 65 (1), 129–136. https://doi.org/10.1073/pnas.65.1.129.

Påhlman, S., Ruusala, A.I., Abrahamsson, L., Mattsson, M.E., Esscher, T., 1984. Retinoic
acid-induced differentiation of cultured human neuroblastoma cells: a comparison
with phorbolester-induced differentiation. Cell Differ. 14 (2), 135–144.

Paiva, I., Pinho, R., Pavlou, M.A., Hennion, M., Wales, P., Schütz, A.-L., Rajput, A., Szego,
É.M., Kerimoglu, C., Gerhardt, E., Rego, A.C., Fischer, A., Bonn, S., Outeiro, T.F.,
2017. Sodium butyrate rescues dopaminergic cells from alpha-synuclein-induced
transcriptional deregulation and DNA damage. Hum. Mol. Genet. 26 (12),
2231–2246. https://doi.org/10.1093/hmg/ddx114.

Pavoni, S., Jarray, R., Nassor, F., Guyot, A.-C., Cottin, S., Rontard, J., Mikol, J.,
Mabondzo, A., Deslys, J.-P., Yates, F., 2018. Small-molecule induction of Aβ-42
peptide production in human cerebral organoids to model Alzheimer’s disease asso-
ciated phenotypes. PLoS One 13 (12), e0209150. https://doi.org/10.1371/journal.
pone.0209150.

Pennypacker, K.R., Kuhn, D.M., Billingsley, M.L., 1989. Changes in expression of tyrosine
hydroxylase immunoreactivity in human SMS-KCNR neuroblastoma following re-
tinoic acid or phorbol ester-induced differentiation. Brain Res Mol Brain Res. 5 (4),
251–258. https://doi.org/10.1016/0169-328x(89)90059-4.

Presgraves, S.P., Ahmed, T., Borwege, S., Joyce, J.N., 2004. Terminally differentiated SH-
SY5Y cells provide a model system for studying neuroprotective effects of dopamine
agonists. Neurotox Res. 5 (8), 579–598. https://doi.org/10.1007/bf03033178.

Raja, W.K., Mungenast, A.E., Lin, Y.-T., Ko, T., Abdurrob, F., Seo, J., Tsai, L.-H., 2016.
Self-Organizing 3D Human Neural Tissue Derived from Induced Pluripotent Stem
Cells Recapitulate Alzheimer’s Disease Phenotypes. PLoS One 11 (9), e0161969.
https://doi.org/10.1371/journal.pone.0161969.

Ramalingam, M., Huh, Y.-J., Lee, Y.-I., 2019. The Impairments of α-Synuclein and
Mechanistic Target of Rapamycin in Rotenone-Induced SH-SY5Y Cells and Mice
Model of Parkinson’s Disease. Front. Neurosci. 13. https://doi.org/10.3389/fnins.
2019.01028.

Ramonet, D., Daher, J.P.L., Lin, B.M., Stafa, K., Kim, J., Banerjee, R., Westerlund, M.,
Pletnikova, O., Glauser, L., Yang, L., Liu, Y., Swing, D.A., Beal, M.F., Troncoso, J.C.,
McCaffery, J.M., Jenkins, N.A., Copeland, N.G., Galter, D., Thomas, B., Lee, M.K.,
Dawson, T.M., Dawson, V.L., Moore, D.J., 2011. Dopaminergic Neuronal Loss,
Reduced Neurite Complexity and Autophagic Abnormalities in Transgenic Mice
Expressing G2019S Mutant LRRK2. PLoS One 6 (4), e18568. https://doi.org/10.
1371/journal.pone.0018568.

Reinhardt, P., Glatza, M., Hemmer, K., Tsytsyura, Y., Thiel, C.S., Höing, S., Moritz, S.,
Parga, J.A., Wagner, L., Bruder, J.M., Wu, G., Schmid, B., Röpke, A., Klingauf, J.,
Schwamborn, J.C., Gasser, T., Schöler, H.R., Sterneckert, J., 2013a. Derivation and
Expansion Using Only Small Molecules of Human Neural Progenitors for
Neurodegenerative Disease Modeling. PLoS One 8 (3), e59252. https://doi.org/10.
1371/journal.pone.0059252.

Reinhardt, P., Schmid, B., Burbulla, L.F., Schöndorf, D.C., Wagner, L., Glatza, M., Höing,
S., Hargus, G., Heck, S.A., Dhingra, A., Wu, G., Müller, S., Brockmann, K., Kluba, T.,
Maisel, M., Krüger, R., Berg, D., Tsytsyura, Y., Thiel, C.S., Psathaki, O.-E., Klingauf, J.,
Kuhlmann, T., Klewin, M., Müller, H., Gasser, T., Schöler, H.R., Sterneckert, J.,
2013b. 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. https://doi.org/10.1016/j.stem.2013.01.008.

Rick, C.E., Ebert, A., Virag, T., Bohn, M.C., Surmeier, D.J., 2006. Differentiated dopa-
minergic MN9D cells only partially recapitulate the electrophysiological properties of
midbrain dopaminergic neurons. Dev. Neurosci. 28 (6), 528–537. https://doi.org/10.
1159/000095115.

Ross, R.A., Biedler, J.L., 1985. Presence and regulation of tyrosinase activity in human
neuroblastoma cell variants in vitro. Cancer Res. 45 (4), 1628–1632.

Sai, Y., Wu, Q., Le, W., Ye, F., Li, Y., Dong, Z., 2008. Rotenone-induced PC12 cell toxicity
is caused by oxidative stress resulting from altered dopamine metabolism. Toxicol.
Vitr. 22 (6), 1461–1468. https://doi.org/10.1016/j.tiv.2008.04.019.

Salthun-Lassalle, B., Traver, S., Hirsch, E.C., Michel, P.P., 2005. Substance P, neurokinins
A and B, and synthetic tachykinin peptides protect mesencephalic dopaminergic
neurons in culture via an activity-dependent mechanism. Mol. Pharmacol. 68 (5),
1214–1224. https://doi.org/10.1124/mol.105.015453.

Salto, R., Vílchez, J.D., Girón, M.D., Cabrera, E., Campos, N., Manzano, M., Rueda, R.,
López-Pedrosa, J.M., 2015. β-Hydroxy-β-Methylbutyrate (HMB) Promotes Neurite
Outgrowth in Neuro2a Cells. PLoS One 10 (8), e0135614. https://doi.org/10.1371/
journal.pone.0135614.

Sánchez-Danés, A., Richaud-Patin, Y., Carballo-Carbajal, I., Jiménez-Delgado, S., Caig, C.,
Mora, S., Di Guglielmo, C., Ezquerra, M., Patel, B., Consiglio, A., Raya, A., 2012.
Disease-specific phenotypes in dopamine neurons from human iPS-based models of
genetic and sporadic Parkinson’s disease. Embo Mol. Med. 4 (5), 380–395. https://
doi.org/10.1002/emmm.201200215.

Santillo, S., Schiano Moriello, A., Di Maio, V., 2014. Electrophysiological variability in the
SH-SY5Y cellular line. Gen Physiol Biophys. 33 (1), 121–129. https://doi.org/10.
4149/gpb_2013071.

Schildknecht, S., Karreman, C., Pöltl, D., Efrémova, L., Kullmann, C., Gutbier, S., Krug, A.,
Scholz, D., Gerding, H.R., Leist, M., 2013. Generation of genetically-modified human
differentiated cells for toxicological tests and the study of neurodegenerative dis-
eases. ALTEX 30 (4), 427–444. https://doi.org/10.14573/altex.2013.4.427.

Schildknecht, S., Pöltl, D., Nagel, D.M., Matt, F., Scholz, D., Lotharius, J., Schmieg, N.,
Salvo-Vargas, A., Leist, M., 2009. Requirement of a dopaminergic neuronal pheno-
type for toxicity of low concentrations of 1-methyl-4-phenylpyridinium to human
cells. Toxicol. Appl. Pharmacol. 241 (1), 23–35. https://doi.org/10.1016/j.taap.
2009.07.027.

Scholz, D., Pöltl, D., Genewsky, A., Weng, M., Waldmann, T., Schildknecht, S., Leist, M.,
2011. Rapid, complete and large-scale generation of post-mitotic neurons from the
human LUHMES cell line. J. Neurochem. 119 (5), 957–971. https://doi.org/10.1111/
j.1471-4159.2011.07255.x.

Schulze, M., Sommer, A., Plötz, S., Farrell, M., Winner, B., Grosch, J., Winkler, J.,
Riemenschneider, M.J., 2018. Sporadic Parkinson’s disease derived neuronal cells
show disease-specific mRNA and small RNA signatures with abundant deregulation of
piRNAs. Acta Neuropathol. Commun. 6 (1), 58. https://doi.org/10.1186/s40478-
018-0561-x.

Segal, M., Greenberger, V., Korkotian, E., 2003. Formation of dendritic spines in cultured
striatal neurons depends on excitatory afferent activity. Eur. J. Neurosci. 17 (12),
2573–2585. https://doi.org/10.1046/j.1460-9568.2003.02696.x.

Seibler, P., Graziotto, J., Jeong, H., Simunovic, F., Klein, C., Krainc, D., 2011.
Mitochondrial Parkin Recruitment Is Impaired in Neurons Derived from Mutant
PINK1 Induced Pluripotent Stem Cells. J. Neurosci. 31 (16), 5970–5976. https://doi.
org/10.1523/JNEUROSCI.4441-10.2011.

Shao, Y., Chan, H.M., 2015. Effects of methylmercury on dopamine release in MN9D
neuronal cells. Toxicol. Mech. Methods 25 (8), 637–644. https://doi.org/10.3109/
15376516.2015.1053654.

Sidransky, E., Nalls, M.A., Aasly, J.O., Aharon-Peretz, J., Annesi, G., Barbosa, E.R., Bar-
Shira, A., Berg, D., Bras, J., Brice, A., Chen, C.-M., Clark, L.N., Condroyer, C., De
Marco, E.V., Dürr, A., Eblan, M.J., Fahn, S., Farrer, M.J., Fung, H.-C., Gan-Or, Z.,
Gasser, T., Gershoni-Baruch, R., Giladi, N., Griffith, A., Gurevich, T., Januario, C.,
Kropp, P., Lang, A.E., Lee-Chen, G.-J., Lesage, S., Marder, K., Mata, I.F., Mirelman, A.,
Mitsui, J., Mizuta, I., Nicoletti, G., Oliveira, C., Ottman, R., Orr-Urtreger, A., Pereira,
L.V., Quattrone, A., Rogaeva, E., Rolfs, A., Rosenbaum, H., Rozenberg, R., Samii, A.,
Samaddar, T., Schulte, C., Sharma, M., Singleton, A., Spitz, M., Tan, E.-K., Tayebi, N.,
Toda, T., Troiano, A.R., Tsuji, S., Wittstock, M., Wolfsberg, T.G., Wu, Y.-R., Zabetian,

E. Ferrari, et al. Journal of Neuroscience Methods 340 (2020) 108741

9

https://doi.org/10.1523/JNEUROSCI.1731-12.2012
https://doi.org/10.1371/journal.pone.0050683
https://doi.org/10.1007/s12017-017-8454-x
https://doi.org/10.1007/s12017-017-8454-x
https://doi.org/10.1016/j.brainres.2010.03.102
https://doi.org/10.1007/s00401-017-1746-2
https://doi.org/10.3389/fnagi.2019.00195
https://doi.org/10.1093/hmg/ddt674
https://doi.org/10.1093/hmg/ddt674
https://doi.org/10.1126/science.1232033
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0395
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0395
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0395
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0395
https://doi.org/10.1016/0306-4522(92)90101-7
https://doi.org/10.1016/0306-4522(92)90101-7
https://doi.org/10.3390/brainsci9100275
https://doi.org/10.1016/j.stem.2013.11.006
https://doi.org/10.1016/j.stem.2013.11.006
https://doi.org/10.1016/j.stem.2011.01.013
https://doi.org/10.1002/mds.27115
https://doi.org/10.1002/mds.27115
https://doi.org/10.1073/pnas.65.1.129
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0430
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0430
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0430
https://doi.org/10.1093/hmg/ddx114
https://doi.org/10.1371/journal.pone.0209150
https://doi.org/10.1371/journal.pone.0209150
https://doi.org/10.1016/0169-328x(89)90059-4
https://doi.org/10.1007/bf03033178
https://doi.org/10.1371/journal.pone.0161969
https://doi.org/10.3389/fnins.2019.01028
https://doi.org/10.3389/fnins.2019.01028
https://doi.org/10.1371/journal.pone.0018568
https://doi.org/10.1371/journal.pone.0018568
https://doi.org/10.1371/journal.pone.0059252
https://doi.org/10.1371/journal.pone.0059252
https://doi.org/10.1016/j.stem.2013.01.008
https://doi.org/10.1159/000095115
https://doi.org/10.1159/000095115
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0485
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0485
https://doi.org/10.1016/j.tiv.2008.04.019
https://doi.org/10.1124/mol.105.015453
https://doi.org/10.1371/journal.pone.0135614
https://doi.org/10.1371/journal.pone.0135614
https://doi.org/10.1002/emmm.201200215
https://doi.org/10.1002/emmm.201200215
https://doi.org/10.4149/gpb_2013071
https://doi.org/10.4149/gpb_2013071
https://doi.org/10.14573/altex.2013.4.427
https://doi.org/10.1016/j.taap.2009.07.027
https://doi.org/10.1016/j.taap.2009.07.027
https://doi.org/10.1111/j.1471-4159.2011.07255.x
https://doi.org/10.1111/j.1471-4159.2011.07255.x
https://doi.org/10.1186/s40478-018-0561-x
https://doi.org/10.1186/s40478-018-0561-x
https://doi.org/10.1046/j.1460-9568.2003.02696.x
https://doi.org/10.1523/JNEUROSCI.4441-10.2011
https://doi.org/10.1523/JNEUROSCI.4441-10.2011
https://doi.org/10.3109/15376516.2015.1053654
https://doi.org/10.3109/15376516.2015.1053654


C.P., Zhao, Y., Ziegler, S.G., 2009. Multicenter Analysis of Glucocerebrosidase
Mutations in Parkinson’s Disease. N. Engl. J. Med. 361 (17), 1651–1661. https://doi.
org/10.1056/NEJMoa0901281.

Smirnova, L., Harris, G., Delp, J., Valadares, M., Pamies, D., Hogberg, H.T., Waldmann,
T., Leist, M., Hartung, T., 2016. A LUHMES 3D dopaminergic neuronal model for
neurotoxicity testing allowing long-term exposure and cellular resilience analysis.
Arch. Toxicol. 90 (11), 2725–2743. https://doi.org/10.1007/s00204-015-1637-z.

Soldner, F., Laganière, J., Cheng, A.W., Hockemeyer, D., Gao, Q., Alagappan, R., Khurana,
V., Golbe, L.I., Myers, R.H., Lindquist, S., Zhang, L., Guschin, D., Fong, L.K., Vu, B.J.,
Meng, X., Urnov, F.D., Rebar, E.J., Gregory, P.D., Zhang, H.S., Jaenisch, R., 2011.
Generation of Isogenic Pluripotent Stem Cells Differing Exclusively at Two Early
Onset Parkinson Point Mutations. Cell 146 (2), 318–331. https://doi.org/10.1016/j.
cell.2011.06.019.

Soldner, F., Stelzer, Y., Shivalila, C.S., Abraham, B.J., Latourelle, J.C., Barrasa, M.I.,
Goldmann, J., Myers, R.H., Young, R.A., Jaenisch, R., 2016. Parkinson-associated risk
variant in distal enhancer of α-synuclein modulates target gene expression. Nature
533 (7601), 95–99. https://doi.org/10.1038/nature17939.

Spittau, B., Zhou, X., Ming, M., Krieglstein, K., 2012. IL6 protects MN9D cells and mid-
brain dopaminergic neurons from MPP+-induced neurodegeneration.
Neuromolecular Med. 14 (4), 317–327. https://doi.org/10.1007/s12017-012-
8189-7.

Stępkowski, T.M., Wasyk, I., Grzelak, A., Kruszewski, M., 2015. 6-OHDA-Induced
Changes in Parkinson’s Disease-Related Gene Expression are not Affected by the
Overexpression of PGAM5 in In Vitro Differentiated Embryonic Mesencephalic Cells.
Cell. Mol. Neurobiol. 35 (8), 1137–1147. https://doi.org/10.1007/s10571-015-
0207-5.

Studer, L., 2001. Culture of substantia nigra neurons. Curr Protoc Neurosci. 3 (3). https://
doi.org/10.1002/0471142301.ns0303s00.

Surmeier, D.J., Obeso, J.A., Halliday, G.M., 2017. Selective neuronal vulnerability in
Parkinson disease. Nat. Rev. Neurosci. 18 (2), 101–113. https://doi.org/10.1038/
nrn.2016.178.

Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from mouse em-
bryonic and adult fibroblast cultures by defined factors. Cell 126 (4), 663–676.
https://doi.org/10.1016/j.cell.2006.07.024.

Thomas, M.G., Saldanha, M., Mistry, R.J., Dexter, D.T., Ramsden, D.B., Parsons, R.B.,
2013. Nicotinamide N-methyltransferase expression in SH-SY5Y neuroblastoma and
N27 mesencephalic neurones induces changes in cell morphology via ephrin-B2 and
Akt signalling. Cell Death Dis. 4 (6). https://doi.org/10.1038/cddis.2013.200.
e669–e669.

Tosetti, P., Taglietti, V., Toselli, M., 1998. Functional changes in potassium conductances
of the human neuroblastoma cell line SH-SY5Y during in vitro differentiation. J
Neurophysiol. 79 (2), 648–658. https://doi.org/10.1152/jn.1998.79.2.648.

Toulorge, D., Guerreiro, S., Hild, A., Maskos, U., Hirsch, E.C., Michel, P.P., 2011.
Neuroprotection of midbrain dopamine neurons by nicotine is gated by cytoplasmic
Ca 2+. FASEB J. 25 (8), 2563–2573. https://doi.org/10.1096/fj.11-182824.

Tremblay, R.G., Sikorska, M., Sandhu, J.K., Lanthier, P., Ribecco-Lutkiewicz, M., Bani-
Yaghoub, M., 2010. Differentiation of mouse Neuro 2A cells into dopamine neurons.
J. Neurosci. Methods 186 (1), 60–67. https://doi.org/10.1016/j.jneumeth.2009.11.
004.

Vogiatzi, T., Xilouri, M., Vekrellis, K., Stefanis, L., 2008. Wild type alpha-synuclein is
degraded by chaperone-mediated autophagy and macroautophagy in neuronal cells.
J Biol Chem. 283 (35), 23542–23556. https://doi.org/10.1074/jbc.M801992200.

Wang, H., Tang, C., Jiang, Z., Zhou, X., Chen, J., Na, M., Shen, H., Lin, Z., 2017.
Glutamine promotes Hsp70 and inhibits α-Synuclein accumulation in pheochromo-
cytoma PC12 cells. Exp. Ther. Med. 14 (2), 1253–1259. https://doi.org/10.3892/
etm.2017.4580.

Wang, L., Zhang, Z., Hou, L., Wang, Y., Zuo, J., Xue, M., Li, X., Liu, Y., Song, J., Pan, F.,
Pu, T., 2019. Phytic acid attenuates upregulation of GSK-3β and disturbance of sy-
naptic vesicle recycling in MPTP-induced Parkinson’s disease models. Neurochem.
Int. 129, 104507. https://doi.org/10.1016/j.neuint.2019.104507.

Wasilewska-Sampaio, A.P., Silveira, M.S., Holub, O., Goecking, R., Gomes, F.C.A., Neto,
V.M., Linden, R., Ferreira, S.T., De Felice, F.G., 2005. Neuritogenesis and neuronal
differentiation promoted by 2,4-dinitrophenol, a novel anti-amyloidogenic com-
pound. FASEB J. 19 (12), 1627–1636. https://doi.org/10.1096/fj.05-3812com.

Weinert, M., Selvakumar, T., Tierney, T.S., Alavian, K.N., 2015. Isolation, Culture and
Long-Term Maintenance of Primary Mesencephalic Dopaminergic Neurons From
Embryonic Rodent Brains. J. Vis. Exp. 96. https://doi.org/10.3791/52475.

Westerink, R.H.S., Ewing, A.G., 2008. The PC12 cell as model for neurosecretion. Acta
Physiol. (Oxf). 192 (2), 273–285. https://doi.org/10.1111/j.1748-1716.2007.
01805.x.

Wu, B., Liu, Q., Duan, C., Li, Y., Yu, S., Chan, P., Uéda, K., Yang, H., 2011.
Phosphorylation of α-synuclein upregulates tyrosine hydroxylase activity in MN9D
cells. Acta Histochem. 113 (1), 32–35. https://doi.org/10.1016/j.acthis.2009.07.
007.

Wu, H.-C., Hu, Q.-L., Zhang, S.-J., Wang, Y.-M., Jin, Z.-K., Lv, L.-F., Zhang, S., Liu, Z.-L.,
Wu, H.-L., Cheng, O.-M., 2018. Neuroprotective effects of genistein on SH-SY5Y cells
overexpressing A53T mutant α-synuclein. Neural Regen. Res. 13 (8), 1375–1383 DOI:
10.4103/1673-5374.235250.

Xicoy, H., Wieringa, B., Martens, G.J.M., 2017. The SH-SY5Y cell line in Parkinson’s
disease research: a systematic review. Mol. Neurodegener. 12 (1), 10. https://doi.
org/10.1186/s13024-017-0149-0.

Xu, J., Gao, X., Yang, C., Chen, L., Chen, Z., 2017. Resolvin D1 Attenuates Mpp+-Induced
Parkinson Disease via Inhibiting Inflammation in PC12 Cells. Med. Sci. Monit. 23,
2684–2691. https://doi.org/10.12659/msm.901995.

Zaltieri, M., Grigoletto, J., Longhena, F., Navarria, L., Favero, G., Castrezzati, S.,
Colivicchi, M.A., Della Corte, L., Rezzani, R., Pizzi, M., Benfenati, F., Spillantini,
M.G., Missale, C., Spano, P., Bellucci, A., 2015. α-synuclein and synapsin III co-
operatively regulate synaptic function in dopamine neurons. J Cell Sci. 128 (13),
2231–2243. https://doi.org/10.1242/jcs.157867.

E. Ferrari, et al. Journal of Neuroscience Methods 340 (2020) 108741

10

https://doi.org/10.1056/NEJMoa0901281
https://doi.org/10.1056/NEJMoa0901281
https://doi.org/10.1007/s00204-015-1637-z
https://doi.org/10.1016/j.cell.2011.06.019
https://doi.org/10.1016/j.cell.2011.06.019
https://doi.org/10.1038/nature17939
https://doi.org/10.1007/s12017-012-8189-7
https://doi.org/10.1007/s12017-012-8189-7
https://doi.org/10.1007/s10571-015-0207-5
https://doi.org/10.1007/s10571-015-0207-5
https://doi.org/10.1002/0471142301.ns0303s00
https://doi.org/10.1002/0471142301.ns0303s00
https://doi.org/10.1038/nrn.2016.178
https://doi.org/10.1038/nrn.2016.178
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/cddis.2013.200
https://doi.org/10.1038/cddis.2013.200
https://doi.org/10.1152/jn.1998.79.2.648
https://doi.org/10.1096/fj.11-182824
https://doi.org/10.1016/j.jneumeth.2009.11.004
https://doi.org/10.1016/j.jneumeth.2009.11.004
https://doi.org/10.1074/jbc.M801992200
https://doi.org/10.3892/etm.2017.4580
https://doi.org/10.3892/etm.2017.4580
https://doi.org/10.1016/j.neuint.2019.104507
https://doi.org/10.1096/fj.05-3812com
https://doi.org/10.3791/52475
https://doi.org/10.1111/j.1748-1716.2007.01805.x
https://doi.org/10.1111/j.1748-1716.2007.01805.x
https://doi.org/10.1016/j.acthis.2009.07.007
https://doi.org/10.1016/j.acthis.2009.07.007
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0650
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0650
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0650
http://refhub.elsevier.com/S0165-0270(20)30164-3/sbref0650
https://doi.org/10.1186/s13024-017-0149-0
https://doi.org/10.1186/s13024-017-0149-0
https://doi.org/10.12659/msm.901995
https://doi.org/10.1242/jcs.157867

	From cell lines to pluripotent stem cells for modelling Parkinson's Disease
	Introduction
	Cell lines
	SH-SY5Y cell line
	LUHMES line
	PC12 line
	MN9D line
	N27 line
	Neuro 2a line

	Primary cultures
	Primary DAergic cultures
	Primary striatal neuronal cultures

	Human induced pluripotent stem cells
	Modelling genetic PD with iPSCs
	Modelling sporadic PD with iPSCs
	iPSCs in drug screening

	Organoids
	Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References




