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Abstract

The SH-SY5Y cell line is a simple and inexpensive in vitro experimental model for studying Parkinson disease (PD). This experimental
model is a useful tool for elucidating pathophysiological mechanisms of PD and in the development of new pharmacological therapies. In
this review, we aim to summarize current protocols for SH-SY5Y cell culturing and differentiation and PD experimental designs derived
from the SH-SY5Y cell line. The most efficient protocol for differentiation of the SH-SY5Y cell line into dopaminergic neurons seems to
be the addition of retinoic acid to the growth medium, followed by 12-O-tetradecanoylphorbol-13-acetate (TPA) addition in a low concen-
tration of fetal bovine serum. PD pathological changes, such as neuronal apoptosis and the intraneuronal alpha-synuclein aggregation, can
be reproduced in the SH-SY5Y cell line either by the use of neurotoxic agents [such as rotenone, 1-methyl-4-phenylpyridinium (MPP+),
6-hydroxydopamine] or by genetic modification (transfection of the alpha-synuclein wild-type or mutant gene, genetic manipulation of
other genes involved in PD). In addition, compounds with a potential neuroprotective role may be tested on neurotoxicity-induced SH-
SY5Y models. The cell line can also be used for testing PD pathophysiological mechanisms such as the prion-like neuronal transmission
of alpha-synuclein or the microbiota influence in PD. In conclusion, the use of the SH-SY5Y cell line represents a basic but consistent
first step in experiments related to PD, but which must be followed by the confirmation of the results through more complex in vitro and
in vivo experimental models.
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1. Introduction
Parkinson’s disease (PD) is the second most common

neurodegenerative disease, after Alzheimer’s disease, with
an onset between the 5th and 6th decades. The main patho-
logical characteristics of the disease are the degeneration
of the dopaminergic neurons in the substantia nigra pars
compacta and the intraneuronal deposition of the alpha-
synuclein protein that forms Lewy bodies and Lewy neu-
rites, affecting multiple areas of the central nervous system
[1].

Extrinsic factors, among which the alterations of the
intestinal microbiota is gaining increasing attention in the
last few years, seem to have a much greater contribution
to the development of neurodegenerative diseases, espe-
cially in the development of PD [2]. However, the patho-
physiological mechanisms are not yet clearly understood.
Thus, the proof-of-concept of these mechanisms could in-
crease our understanding of this disease, and also open new
perspectives for therapeutic strategies that mitigate or even
eliminate this neurodegenerative phenomenon, a goal that
has not yet been achieved by any current intervention.

In vitro models used for PD must reproduce the two
main pathologic changes of the disease: the degeneration of
the dopaminergic neurons and the intraneuronal deposition
of alpha-synuclein [3].

The most used in vitro model for PD is the cultur-
ing of immortalized cell lines [4]. This in vitro model is
widespread, easily available, and less expensive, and may
represent the first step in testing pathomechanisms or inter-
ventions for this disease [3,4]. To obtain the specific fea-
tures of the diseased cells, the immortalized cell lines must
be first differentiated towards a specific neuronal type that
is affected in the pathophysiology of the disease. For PD, a
differentiation in dopaminergic neuronal phenotype is usu-
ally achieved [4]. In addition, the cell culture may be ei-
ther exposed to one of the several neurotoxins that induce
cellular PD-specific changes, or be genetically modified by
transfection to over-express the pathological protein [4].

The most common immortalized cell line used in this
type of research is the human-derived SH-SY5Y cell line.
The SH-SY5Y is a subline of cells isolated from the bone
marrow from a metastatic neuroblastoma of a 4-year-old
female [5]. The cell line has a catecholaminergic pheno-
type, equipped with tyrosine hydroxylase and dopamine-
beta-hydroxylase enzymes, and is able to synthesize both
dopamine and noradrenaline neurotransmitters [5]. In ad-
dition, SH-SY5Y can be further differentiated into a more
mature dopaminergic phenotype [6]. Thus, these charac-
teristics make this cell line a suitable in vitro model for the
study of PD.
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This review aims to summarize the most recent ad-
vancements of in vitro experimental models using the SH-
SY5Y cell line to elucidate the components of the patho-
physiological mechanisms of PD for the development of
new therapeutic strategies.

2. Current Topics in the Pathophysiology of
PD
2.1 The Braak Hypothesis

In 2003, Heiko Braak [7] demonstrated in neuropatho-
logical studies that in sporadic PD there is a centripetal
distribution of Lewy bodies in the nervous system in time
and space, from the periphery to the central nervous sys-
tem, from the medulla oblongata to the cortical structures.
As the evolution of alpha-synuclein deposits progresses to-
wards the center, the previously affected areas gradually
become severely impacted with an extensive neurodegen-
eration process [7].

The manner in which Lewy bodies spread in the
nervous system affecting neighboring structures in a cen-
tripetal way is similar to the spread of an infectious agent.
The initial damage to the olfactory nuclei and the dorsal nu-
cleus of the vagus, led to the genesis of a hypothesis that the
onset of PD is due to an unknown pathogen from the nasal
mucosa and/or the mucosa of the gastrointestinal tract [7,8].
This hypothesis was also strengthened by the subsequent
discovery of Lewy bodies in the enteric nervous system and
the vagus nerve, as well as in the olfactory tract [9,10].

A recent theory that is gaining momentum to ex-
plain this method of propagation of the neurodegenerative
phenomena and the involvement of alpha-synuclein aggre-
gates, is the spread of altered alpha-synuclein in a man-
ner similar to a prion infection; transsynaptic, from neu-
ron to neuron, inducing intraneuronal aggregation of nor-
mal endogenous alpha-synuclein, which subsequently leads
to neuronal apoptosis [11]. Thus, according to this hypoth-
esis, the origin of alpha-synuclein alteration and the origin
of the prion-like spread of this protein is at the level of the
nasal and/or digestive tract mucosa [8].

It is suggested that the microbiota (nasal, and espe-
cially intestinal) plays an important role in the initial stage
of alpha-synuclein aggregation; since it has been observed
that changes in themicrobiota lead to the secretion of poten-
tially toxic bacterial products to the neurons of the enteric
wall [2]. These bacterial products cause changes in alpha-
synuclein, leading to its aggregation [2].

In addition to the scientific importance of discovering
a new and extremely interesting mechanism in a neurode-
generative disease, the involvement of the microbiota in the
pathophysiology of PD can also have a therapeutic impor-
tance by eliminating or slowing down the phenomenon of
neurodegeneration [2]. Various alternatives for modulating
the microbiota, such as diet, administration of probiotics,
prebiotics, and fecal transplantation, could prevent or retard
these processes [2].

2.2 The Autophagy-Lysosome Pathway
The autophagy-lysosome pathway is responsible for

the clearance of dysfunctional proteins, and is one of the
protein clearance systems [12]. It consists of three meth-
ods of clearance, macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA) [12]. Macroau-
tophagy represents the fusion of the lysosome with the au-
tophagosome, a de novo formed vesicle that sequesters the
cargo but lacks proteolytic enzymes and needs the lysosome
for its degradation [13]. Microautophagy represents direct
invagination by the lysosome of the cytosolic components
[13]. In CMA, specific proteins are targeted by molecular
chaperones and translocated directly into the lysosome for
degradation [14].

The autophagy-lysosome pathway plays a pivotal role
in removing misfolded or damaged proteins and dysfunc-
tional organelles from cells, especially at the level of neu-
rons [15].

Malfunction of this pathway leads to accumulation
and aggregation of various proteins, leading to cell death.
Targeting genes for critical molecules involved in the in-
duction of autophagy, such as autophagy related (Atg) 5 and
Atg7, in mouse models and neuronal cell cultures, causes
intraneuronal aggregation and induces a neurodegenerative
process [16].

In the neuronal cells, the autophagy-lysosome path-
way is an important route of degrading the pathological pro-
tein alpha-synuclein, along with the ubiquitin-proteasome
system [17]. Monomeric and dimeric alpha-synuclein is
degraded by CMA, while oligomeric alpha-synuclein is de-
graded by macroautophagy [18].

In PD, autophagy impairment appears to be a major
mechanism that leads to alpha-synuclein aggregation, and
mitochondrial dysfunction resulting in oxidative stress [19].
Genes associated with PD are strongly linked to autophagy-
lysosome pathway dysfunction [19]. PTEN-induced kinase
(PINK1) and Parkin play an important role in the process
of mitophagy, where the damaged mitochondria are marked
to be engulfed by the autophagosomes [20]. PINK1 fixates
on the outer membrane of the dysfunctional mitochondria,
while Parkin is activated and ubiquitinates the marked mi-
tochondria. The mutations of the genes increases the mi-
tochondrial damage that contributes to the pathogenesis of
PD [20]. PARK9 is an ATPase which has an important role
in the maintenance of a certain level of pH inside the lyso-
some [21]. Mutations in PARK9 dysregulates the lysoso-
mal activity and impedes the fusion between the lysosome
and the autophagosome, thus leading to the accumulation
of intraneuronal alpha-synuclein [21]. Evidence suggests
that glucocerebrosidase (GBA) and leucine rich repeat ki-
nase 2 (LRRK-2) are involved in autophagy and the muta-
tion of the genes increases the risk of PD by disrupting the
autophagy-lysosome system [19].
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Intraneuronal alpha-synuclein inclusions leads to dys-
function of autophagy, which in turn leads to more alpha-
synuclein aggregation and accumulation [22]. Rather
than being a nonspecific process, overexpression of alpha-
synuclein exerts a specific action that inhibits autophagy,
by inhibiting Rab1a with further mislocalization of Atg9,
blocking the formation of the autophagosomes precursors
[23].

These studies demonstrate that the dysfunction of the
autophagy-lysosome system is involved in the pathogenesis
of PD andmay lead to the possibility of discovering another
class of drugs that could target the direct cellular mecha-
nisms in an attempt to prevent this neurodegenerative pro-
cess.

3. Current Protocols for SH-SY5Y
Propagation and Differentiation

The SH-SY5Y is usually cultured with DMEM or a
mixture of DMEM/F12 growthmediums [24]. Themedium
is usually supplemented with 10% fetal bovine serum. The
growth properties are mixed, some cells are adherent and
some grow in suspension [24]. Undifferentiated cells have
a high proliferation rate, tend to grow in clumps, have a
rounded body and develop short neurites, suggesting a phe-
notype that is closer to a neoplastic state [25]. In con-
trast, the differentiated cells have a pyramidal body with
long neurites and a low proliferation rate [25]. The cell
line can exhibit a neuron-like phenotype (N-type) and an
epithelial-like phenotype (S-type) with epithelial morpho-
logical features such as adherent, flat, rounded cells, with-
out any projections [26,27]. The switch between one phe-
notype to another occurs spontaneously and the ratio be-
tween the N-type cells and the S-type cells can influence the
experimental models because only N-type cells are needed
for the study of PD [26].

The induction of differentiation of the SH-SY5Y cell
line into dopaminergic neurons is usually the first step for
developing in vitro experimental designs to study PD. The
morphological aspects of the neurons and the low prolifera-
tion rate makes the differentiated cells resemble the primary
mesencephalic dopaminergic neurons, while the undiffer-
entiated cells are much closer to a cancerous type of cell,
related to their neuroblastoma origin [25]. The differentia-
tion into dopaminergic neurons is most frequently obtained
by adding several compounds to the growth medium such
as retinoic acids and phorbol esters, in parallel with a low
concentration of fetal bovine serum [6]. Retinoic acid is a
derivative of vitamin A, which is known to have a signifi-
cant role in cell differentiation and in the control of prolifer-
ation [28]. Nevertheless, it must be taken into account that
the addition of retinoic acid only in the process of differenti-
ation promotes an induction of a cholinergic phenotype [6].
A dopaminergic phenotype is obtained by further treatment
with a phorbol ester such as 2-O-tetradecanoyl-phorbol-13
acetate (TPA) [29]. Thus, the approach that seems to induce

a more efficient dopaminergic phenotype is the addition in
the growth medium of retinoic acid, usually in a concen-
tration of 10 µM, for 3 to 5 days, and following that the
addition of TPA, usually in a concentration of 80 µM, for
3 to 5 days, while the growth medium has a low concen-
tration of fetal bovine serum (1–5%) [24,25]. In addition,
several adjustments may be made regarding the number of
days to administer retinoic acid or TPA (from one day to
three weeks) and in the concentration of the compounds.
Each laboratory usually has its own differentiation proto-
col, but the basic principles remain the same.

Other differentiation protocols use only the addition
of 10 µM of retinoic acid with a low serum cell culture
media. Brain-derived neurotrophic factor (BDNF) is an-
other compound that may be added in the growth medium
to induce the differentiation and is added after the treatment
with retinoic acid [27]. BDNF has a significant impact in
the process of neuronal differentiation, contributing to the
formation of neurites and synaptogenesis, but the differen-
tiation is not directed towards a pure dopaminergic pheno-
type but rather there is a differentiation towards several phe-
notypes [27]. Dibutyryl cyclic adenosine monophosphate
(dbcAMP) is another compound that in co-addition with
retinoic acid induces neuronal differentiation, with a high
expression of tyrosine-hydroxylase, but the phenotype is
noradrenergic [30]. Other compounds involved in the neu-
ronal differentiation of the SH-SY5Y cell line, but with-
out a clear relationship to a dopaminergic phenotype are
nerve growth factor, staurosporine, tissue plasminogen fac-
tor, growth differentiation factor 5, or the use of neurobasal
media with B27 supplement [24].

To validate the differentiation protocol toward a
dopaminergic phenotype, the expression of several specific
markers for dopaminergic neurons such as tyrosine hydrox-
ylase, D2 type dopamine receptor, D3 type dopamine re-
ceptor, and dopamine transporter should also be tested. Al-
though these markers can also be detected in the undiffer-
entiated SH-SY5Y cells due to the original catecholaminer-
gic phenotype, an increase in their expression confirms the
dopaminergic differentiation [25,31].

4. SH-SY5Y—Derived PD Models
An important step in the SH-SY5Y cell line in vitro

modulation is to simulate the neuronal degeneration. To
date there are multiple protocols to induce changes that
mimic PD pathological features in the SH-SY5Y cell line.

4.1 Neurotoxic Compounds
The treatment with a neurotoxic compound that in-

duces apoptosis of the neurons, such as rotenone, 1-methyl-
4-phenylpyridinium (MPP+) or 6-hydroxydopamine (6-
OHDA) is critical especially in searching for new drug ther-
apies, by testing molecules that prevent the neurotoxicity
induced by these compounds. Rotenone is a lipophilic in-
secticide that easily crosses the membrane and accumulates
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inside the cell [32]. MPP+ is a metabolite of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) that has a high
affinity for the dopamine transporter and accumulates in-
side the dopaminergic neurons [33]. 6-OHDA has a similar
structure to that of the catecholamines and enters the cells
by using their transporters [33]. All three neurotoxic com-
pounds induce mitochondrial dysfunction, increase oxida-
tive stress and produce neuronal cell death [3,24,33]. These
models also induce an increased expression and aggrega-
tion of alpha-synuclein, although usually these effects are
not primarily investigated [32,34]. These neurotoxins are
also administered in mice in order to obtain a PD in vivo
model, by inducing the cell death of the dopaminergic neu-
rons from the substantia nigra pars compacta [35].

4.2 Exposure to Synthetic Synuclein
A novel method for obtaining an in vitro PD model is

to expose the neuronal cells to alpha-synuclein preformed
fibrils (PFF) [36]. PFF are recombinant alpha-synuclein
molecules subjected to a process of sonication that induce
the formation of small fibrils [36,37]. Added in cell cul-
ture, the PFF favors the aggregation of endogenous alpha-
synuclein which subsequently leads to synaptic dysfunction
and cell death [36]. This process imitates the formation of
Lewy bodies and Lewy neurites which are discovered in the
brain of the human patients with PD [36,37]. PFF use the
normal level of endogenous alpha-synuclein, thus there is
needless to use an in vitro model of alpha-synuclein over-
expression [36]. Although this in vitro model was initially
used in hippocampal primary neuronal cultures, it was sub-
sequently applied to the SH-SY5Y cell line [36,38,39].

4.3 Genetic Modification
To simulate the pathological change of the intraneu-

ronal aggregation of alpha-synuclein, the SH-SY5Y cell
line can be genetically modified by transfection with the
gene that encodes for alpha-synuclein, either a wild-type or
a mutant gene [3]. The transfection of the alpha-synuclein
wild-type or mutant gene drives an over-expression of
alpha-synuclein, that favors intracellular accumulation [3].
This process ultimately produces aggregates of the protein
with a neurotoxic effect that leads to cellular death [3].

Other genes that appear to have a role in the patho-
physiology of PD, especially the genes involved in the ge-
netic forms of PD, such as LRRK-2, DJ-1, Parkin, PINK1
can be manipulated in three different ways; to over-express
the protein, knock-down the gene leading to the lack of pro-
tein, or gene mutation leading to an altered type of protein;
but these models are used less frequently [24].

5. Testing of Therapeutic Compounds
The search for neuroprotective treatments in PD is of

great interest since there is lack of compounds that have
had any clinical effect. Neurotoxicity-induced SH-SY5Y
models serve as a starting point for studying the protective

effect of different compounds. The mechanism by which
these compounds exert the neuroprotective effect has also
been investigated. In recent years, the modulation of au-
tophagy has gained attention as a neuroprotective mech-
anism in PD. Many of the compounds with in vitro neu-
roprotective effects appear to stimulate the neuronal au-
tophagic process, thus decreasing the aggregation of the
alpha-synuclein [40,41].

Erythropoietin (EPO), a molecule secreted by the kid-
ney that has a significant role in modulating erythropoiesis,
is also produced by neurons and has an anti-apoptotic ef-
fect [42]. In a rotenone-induced neurotoxicity model of
SH-SY5Y cells, EPO increased cell viability and decreased
the expression and aggregation of alpha-synuclein [40].
This appears to be the effects of enhanced autophagy [40].
Lithium, an inductor of autophagy that uses an mTOR-
independent pathway, prevented the cellular apoptosis in
rotenone-exposed SH-SY5Y cells [43]. An induction of
autophagy and a decreased apoptosis and alpha-synuclein
expression was observed after the treatment with sirtuin 3
(SIRT3) in rotenone-exposed SH-SY5Y cells [41]. SIRT3
is a molecule which modulates mitochondrial function that
has been associated with the pathogenesis of carcinogene-
sis and aging [41]. Vitamin D3 has also been proposed as
a possible neuroprotective therapy, having in vitro results
similar to the previously mentioned compounds [44].

Several studies indicate that natural phenols, which
are found mostly in fruits and vegetables, have a certain an-
tioxidant effect. This effect of the phenols was also tested in
PD models with the aim of finding molecules that prevent
the neurodegenerative phenomenon.

Curcumin, a known phenolic compound with possible
antioxidant and anti-inflammatory effects, was seen to con-
fer cellular protection against the toxic injury of MPP+ in a
SH-SY5Ymodel [45]. Polydatin, a derivative of resveratrol
with a strong antioxidant effect, protects the SH-SY5Y cells
against rotenone toxicity, by promoting autophagy, reduc-
ing oxidative stress and mitochondrial damage [46]. This
effect was also seen in a Parkinson knockdown SH-SY5Y
model [46]. Naringenin, a natural flavonoid which has a
possible effect of counteracting the neurodegenerative pro-
cess in Alzheimer disease, increased cell viability due to its
antioxidative properties in a neurotoxicity-induced model
of SH-SY5Y cells [47]. Baicalein, a flavonoid used in tra-
ditional medicine herbs, reduced the MPTP-induced neu-
rotoxicity of the SH-SY5Y cells [48]. There was also an
effect of reduced oxidative stress and neuroprotection in
a 6-OHDA induced neurotoxicity SH-SY5Y model with
maackiain, a flavonoid extracted from the plant named
Sophora flavescens [49]. Quercetin is another phenolic
compound that decreases apoptosis in a neurotoxicity in-
duced in vitro model by modulating the autophagic path-
way [50]. Green tea phenols exerted antioxidative effects
in 6-OHDA or rotenone induced neurotoxicity SH-SY5Y
models [51].
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Numerous other molecules have been tested using SH-
SY5Y in vitro models of induced neurotoxicity, but the re-
sults need to be further confirmed by more complex exper-
imental models. These experiments open new perspectives
and the hopes for the prevention or mitigating this neurode-
generative phenomenon.

6. In Vitro Experimental Designs for PD
Pathophysiological Mechanisms
6.1 Prion-Like Neuronal Transmission via Exosomes

The prion-like neuronal transmission of pathological
alpha-synuclein is one of the current research topics in the
pathophysiology of PD. The SH-SY5Y in vitro models are
a powerful tool for the proof-of-concept of the proposed
mechanism on which this hypothesis is based. Exosomes
are extracellular vesicles with a diameter of 30–150 nm
secreted by the cells that carry different small molecules
such as proteins or microRNAs [52]. The exosomes are
taken up by a recipient cell and the cargo may modulate
cell behavior, thus having a significant role in intercellular
communication [52]. The role of interneuronal transmis-
sion of the alpha-synuclein via the exosomes has gained in-
creased interest [53]. In a SH-SY5Y -derived cell model
that overexpresses wild-type alpha-synuclein, exosomes
that carry alpha-synuclein were identified in the cell cul-
ture supernatant [54]. After incubating normal SH-SY5Y
cells with the supernatant enriched in exosomes carrying
alpha-synuclein, the presence of alpha-synuclein was also
detected in the recipient cells, similar to the prion-like neu-
ronal transmission via exosomes [54].

6.2 SH-SY5Y-Based Experimental Design for Microbiota
Influence in PD

The SH-SY5Y cell line is an appropriate starting point
for in vitro experiments that study the role of the micro-
biota in the pathophysiology of PD. Short chain fatty acids
(SCFA) such as butyrate, acetate or propionate are produced
by the gut microbiota and have a role in the maintenance
of gut inflammatory homeostasis [55]. A decrease of the
SCFA in the gut has been observed in PD patients [56].
The protective role of the SCFA in PD was tested in vitro
by using models of SH-SY5Y neurotoxicity, in which a de-
crease of toxicity-induced apoptosis was seen when SCFA
were administered [57]. Another study revealed that the su-
pernatant of bacteria that grow in the gut microbiota (con-
taining themetabolites secreted in culture, including SCFA)
exerted a neuroprotective effect in neurotoxic-exposed SH-
SY5Y cells [58].

In another in vitro experiment, the interaction between
the three key players that are involved in the mechanisms
in which microbiota favors the pathological changes of PD
(the bacteria, the intestinal cells and the neurons) was stud-
ied [59]. Intestinal epithelial CaCo-2 cells were treated with
a bacterial strain that reside in the intestinal microbiota, Ru-
minococcus albus, and then the conditioned media was ad-

ministered in neurotoxicity-induced SH-SY5Y cells [59].
This study showed that the conditioned media had a protec-
tive effect and prevented oxidative stress and apoptosis in
the SH-SY5Y cells [59].

In contrast to those studies in which the lack of cer-
tain molecules favors the neurodegenerative phenomenon
and the experimental models of cellular neurotoxicity show
the protective role of these molecules in preventing cellular
death, there is also those instances in which the exposure
to a certain compound causes pathological changes. Curli
protein is an amyloid protein secreted by the commensal
bacteria from the gut and is able to induce misfolding of
other amyloidogenic proteins [60]. An in vitro model of
transfected SH-SY5Y cells with over-expression of alpha-
synuclein was established and the cells were exposed to the
major curlin subunit (CsgA), the major subunit of the curli
protein [61]. A significant increase in alpha-synuclein ag-
gregation was noticed in the presence of CsgA, suggesting
the role of this bacterial peptide in the promotion of aggre-
gation of the pathological protein, a process that, from a
pathophysiological point of view, can represent the initia-
tion of PD [61].

6.3 SH-SY5Y-Based Experimental Design for the Study of
the Autophagy-Lysosome Pathway in PD

The SH-SY5Y cell line was also successfully used
to study autophagy. Studies demonstrating the involve-
ment of autophagy in neurotoxicity models of SH-SY5Y
and showing that neuroprotective compounds modulate the
autophagy-lysosome system have been published [62,63].

Autophagy was analyzed in a rotenone-induced neu-
rotoxicity model of SH-SY5Y and showed that after ex-
posure to rotenone, autophagic vacuoles form in the cy-
toplasm of the neurons and autophagic markers, such as
Microtubule-associated protein 1A/1B-light chain 3 (LC3)
or tumor protein p63 (p63) [62]. This suggests that the
autophagy-lysosome system has a certain role in the induc-
tion of the PD cellular model [62].

Another experiment using SH-SY5Y cells assessed
the temporal relation between alpha-synuclein inclusions
and the degree of activation of autophagy [63]. Exogenous
alpha-synuclein fibrils were administered in differentiated
SH-SY5Y cell culture and the level of alpha-synuclein
and autophagic markers, such as p62, LC3 and lysosome-
associated membrane protein 2 (LAMP-2), were measured
[63]. The exogenous fibrils induced the aggregation of en-
dogenous alpha-synuclein and an increase in the autophagic
markers was noticed with a similar temporal profile [63].
Moreover, the activation of autophagy with rapamycin low-
ered the apha-synuclein inclusions, while the inhibition of
autophagy with chloroquine increased the inclusions [63].

Studies in which the potential therapeutic compounds
in neurotoxicity models of SH-SY5Y cells have been per-
formed to analyze their effect on the autophagy-lysosome
system and have shown that neuroprotective molecules also
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induce a stimulation of the autophagy-lysosome system.

7. Other Cellular Lines in PD Research
From a physiological point of view, primary neu-

ronal cultures are currently the most relevant in PD re-
search [3,64]. Primary neuronal cultures are especially dif-
ficult to obtain from PD patients, thus, they are usually ob-
tained from the embryonic or post-natal midbrain of rodents
[3,64]. Nevertheless, when compared to primary neuronal
cultures, the most important advantage of using the SH-
SY5Y cell line is that the cells are easier to maintain in
culture than primary neurons [3]. The main disadvantage
is that differentiation to dopaminergic neurons may prove
to be a difficult and variable process [3].

Other popular cell lines for the study of PD are: the hy-
brid MN9D immortalized dopaminergic neuronal cell line,
which was obtained from the fusion of mouse embryonic
ventral mesencephalic cells with neuroblastoma cells, the
pheochromocytoma cell line PC12, Lund human mesen-
cephalic cells (LUHMES), and rat immortalized neuronal
progenitor cell line CSM14.1. Among these cell lines, SH-
SY5Y is the only cell line which is entirely of human origin
[3,65].

8. Conclusions
In conclusion, the SH-SY5Y cell line represent a

simple, easy, inexpensive in vitro experimental model for
studying PD that can bring extremely valuable data to this
field of research. The cell line has some disadvantages such
as the possibility of turning into an epithelial phenotype and
the presence of genetic instability, considering the origin
of the cell line is from a neuroblastoma. Nevertheless, it
is useful as a first step when testing for pathomechanisms
and potential interventions in experimental PD. Thismay be
further expanded to more complex in vitro models such as
primary neurons, induced pluripotent stem cells or to in vivo
murinemodels. The SH-SY5Y cell line is well known for in
vitro models of induced neurotoxicity in searching for new
drugs in PD. In addition, this cellular line can be easily used
as an in vitro model for the less explored topic of patho-
physiological mechanisms in PD, especially for expanding
our knowledge in the role of microbiota in the initiation and
propagation of the disease, of which there is rapidly grow-
ing interest.
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