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Abstract

The use of primary mammalian neurons derived from embryonic central nervous system tissue is 

limited by the fact that once terminally differentiated into mature neurons, the cells can no longer 

be propagated. Transformed neuronal-like cell lines can be used in vitro to overcome this 

limitation. However, several caveats exist when utilizing cells derived from malignant tumors. In 

this context, the popular SH-SY5Y neuroblastoma cell line and its use in in vitro systems is 

described. Originally derived from a metastatic bone tumor biopsy, SH-SY5Y (ATCC® 

CRL-2266™) cells are a subline of the parental line SK-N-SH (ATCC® HTB-11™). SK-N-SH 

were subcloned three times; first to SH-SY, then to SH-SY5, and finally to SH-SY5Y. SH-SY5Y 

were deposited to the ATCC® in 1970 by June L. Biedler.

Three important characteristics of SH-SY5Y cells should be considered when using these cells in 

in vitro studies. First, cultures include both adherent and floating cells, both types of which are 

viable. Few studies address the biological significance of the adherent versus floating phenotypes, 

but most reported studies utilize adherent populations and discard the floating cells during media 

changes. Second, early studies by Biedler’s group indicated that the parental differentiated SK-N-

SH cells contained two morphologically distinct phenotypes: neuroblast-like cells and epithelial-

like cells (Ross et al., J Nat Cancer Inst 71:741–747, 1983). These two phenotypes may 

correspond to the “N” and “S” types described in later studies in SH-SY5Y by Encinas et al. (J 

Neurochem 75:991–1003, 2000). Cells with neuroblast-like morphology are positive for tyrosine 

hydroxylase (TH) and dopamine-β-hydroxylase characteristic of catecholaminergic neurons, 

whereas the epithelial-like counterpart cells lacked these enzymatic activities (Ross et al., J Nat 

Cancer Inst 71:741–747, 1983). Third, SH-SY5Y cells can be differentiated to a more mature 

neuron-like phenotype that is characterized by neuronal markers. There are several methods to 

differentiate SH-SY5Y cells and are mentioned below. Retinoic acid is the most commonly used 

means for differentiation and will be addressed in detail.
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1 Introduction

1.1 Preface

A detailed report by Biedler et al. in 1978 describes the original culturing conditions for SH-

SY5Y cells [3] and a modified version of this protocol is presented in Subheading 3 of this 

chapter. In brief, SK-N-SH cells and derived clones including SH-SY5Y are plated at a 

density of 2 × 105 or 4 × 106 cells/60 mm dish in Eagle’s minimum essential medium 

supplemented with nonessential amino acids, 15 % fetal bovine serum, penicillin (100 

IU/ml) and streptomycin (100 µg/ml). These original plating densities were used to 

determine the doubling time and saturation densities. Although SH-SY5Y doubling time 

was not reported specifically, the parental neuroblast-like populations has a doubling time of 

approximately 27 h and the subclones were reported to have similar doubling times. SH-

SY5Y cells are reported to have a growth saturation density of >1 × 106 cells/cm2. In this 

study, both adherent and floating cells were collected when cells were passed. Floating cells 

were removed in culture medium, whereas adherent cells were detached with trypsin. The 

two cell populations were combined, centrifuged, and re-plated at appropriate densities. 

Combining the suspended and adherent cells may become an important aspect during 

differentiation protocols and will be discussed in later sections. Cells are grown in a 

humidified chamber with 5 % CO2 at 37 °C. Little has changed over the past four decades 

with regard to normal culture conditions for SH-SY5Y cells. These early studies also 

addressed transmitter properties and indicated that SH-SY5Y consisted of homogeneous 

neuroblast-like populations. Analyses of specific neuronal enzyme activities in SK-N-SH 

cells and clones indicated dopamine-β-hydroxylase levels of 3.74 nmol/h/mg in SH-SH5Y 

cells, although only one set of cell cultures was assayed [3]. Levels of choline acetyl-

transferase, acetyl-cholinesterase, and butyryl-cholinesterase were negligible in SK-N-SH 

and its clones, including SH-SY5Y.

1.2 Undifferentiated Versus Differentiated SH-SY5Y Cells

The ability for researchers to differentiate SH-SY5Y neuroblastoma cells into cells 

possessing a more mature, neuron-like phenotype through manipulation of the culture 

medium has afforded numerous benefits in the field of neuroscience research. Advantages 

include the capacity for large-scale expansion prior to differentiation, with relative ease and 

low cost to culture compared to primary neurons. Since these cells are considered a cell-line, 

the ethical concerns associated with primary human neuronal culture are not involved. 

Additionally, since SH-SY5Y cells are human-derived, they express a number of human-

specific proteins and protein isoforms that would not be inherently present in rodent primary 

cultures. Furthermore, differentiation synchronizes the cell cycle, which can fluctuate 

dramatically in undifferentiated SH-SY5Y cells and other commonly used cell lines, to 

produce a homogenous neuronal cell population [1, 2].

Both undifferentiated and differentiated SH-SY5Y cells have been utilized for in vitro 

experiments requiring neuronal-like cells. Neuronal differentiation entails a number of 

specific events, including formation and extension of neuritic processes, increased electrical 

excitability of the plasma membrane, formation of synaptophysin-positive functional 

synapses, and induction of neuron-specific enzymes, neurotransmitters, and neurotransmitter 
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receptors [4–8]. Thus, when determining whether undifferentiated or differentiated cells 

should be utilized for a particular experiment, all of these properties should be taken into 

consideration.

In the undifferentiated form, SH-SY5Y cells are characterized morphologically by 

neuroblast-like, non-polarized cell bodies with few, truncated processes. The cells tend to 

grow in clusters and may form clumps as cells appear to grow on top of one another in the 

central region of a cell mass (Fig. 1). Likewise, the cultures contain both adherent and 

floating cells, and some studies suggest that the floating cells are more likely to adhere and 

differentiate into “N” type cells upon RA-differentiation than the adherent cells present in 

undifferentiated cultures. Undifferentiated SH-SY5Y cells continuously proliferate, express 

immature neuronal markers, and lack mature neuronal markers [6]. Undifferentiated cells are 

considered to be most reminiscent of immature catecholaminergic neurons [7, 9]. Following 

treatment with differentiation-inducing agents, SH-SY5Y cells become morphologically 

more similar to primary neurons with long, exquisite processes [6] (Fig. 2). Mature cells 

may exhibit numerous but randomly distributed processes or become distinctly polarized, 

depending on the differentiation induction method. Differentiation of SH-SY5Y cells also 

induces a decrease in proliferation rate, as cells are withdrawn from the cell cycle, and an 

increase in the activity of neuron specific enolase (NSE), the dominant enolase-isoenzyme 

present in neuronal and neuroendocrine tissues [2, 6]. A number of methods exist for 

induction of differentiation in SH-SY5Y cells, and are mentioned below. SH-SY5Y cells can 

be driven toward a variety of adult neuronal phenotypes including cholinergic, adrenergic, or 

dopaminergic, depending on media conditions [9]. The differentiation method selected for in 

vitro experiments should ultimately be determined by the desired phenotype following 

differentiation, as well as for the reduction of non-target effects on experimental pathways in 

question by particular differentiating agents.

1.3 Retinoic Acid

One of the most commonly implemented and best-characterized methods for induction of 

differentiation in SH-SY5Y cells is through addition of retinoic acid (RA) to the cell culture 

medium. Retinoic acid is a vitamin A derivative known to possess powerful growth-

inhibiting and cellular differentiation-promoting properties [10, 11]. In fact, vitamin A 

deficiency is linked to the development of squamous metaplasia in various epithelial tissues, 

while administration of vitamin A can reverse these effects and restore normal cellular 

differentiation [10, 11]. Typically, RA is administered at a concentration of 10 µM for a 

minimum of 3–5 days in serum-free or low serum medium to induce differentiation [6, 12], 

although slight variations in media are reported.

Retinoic acid treatment has been shown to promote survival of SH-SY5Y cells through 

activation of the phosphatidylinositol 3-kinase/Akt signaling pathway and upregulation of 

the antiapoptotic Bcl-2 protein [13, 14]. Furthermore, some studies show that RA-

differentiated cells are less vulnerable than undifferentiated cells to toxin-mediated cell 

death induced by agents including 6-hydroxydopamine (6-OHDA), 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), or its metabolite, 1-methyl-4-phenylpyridinium 

ion (MPP+) than undifferentiated cells [12].
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SH-SY5Y cells differentiate primarily to a cholinergic neuron phenotype in response to RA 

treatment, as evidenced by increased expression of choline acetyl transferase (ChAT) 

activity and vesicular monamine transporter (VMAT) expression [7, 15]. Cells may also be 

driven toward a mature dopaminergic phenotype by RA treatment, but this typically requires 

co-administration of additional agents such as phorbol esters [15]. While controversy exists 

in the literature over whether dopaminergic markers present in undifferentiated SH-SY5Y 

cells significantly increase during RA-induced differentiation, studies demonstrate robust 

increases in tyrosine hydroxylase (TH), dopamine receptor 2 and 3 subtypes (D2R and 

D3R), and dopamine transporter (DAT) expression when RA administration is followed by 

treatment with phorbol esters [15]. Interestingly, Encinas et al. reported in 2000 that RA-

differentiated SH-SY5Y cells responded to carbachol stimulation by increased release of 

noradrenaline [2]

1.4 Phorbol Esters

In addition to RA-mediated differentiation, SH-SY5Y cells have been shown to differentiate 

in the presence of phorbol esters such as 12-O-tetradecanoyl-phorbol-13 acetate (TPA) [5]. 

In 1981, Påhlman et al. demonstrated that SH-SY5Y cells exposed to 1.6 × 10−8 M TPA for 

4 days appeared morphologically differentiated with long, straight processes of uneven 

appearance and frequent varicosities [5]. TPA treatment also resulted in partial growth 

inhibition, an approximate twofold increase in NSE activity, and the appearance of 

cytoplasmic neurosecretory granula, which can be visualized by electron microscopy [5, 6]. 

One striking difference between TPA- and RA-induced differentiation of SH-SY5Y cells is 

that TPA treatment increases the cellular noradrenaline content up to 200-fold while RA 

treatment causes an approximate fourfold induction in noradrenaline [6]. Therefore, use of 

TPA to induce differentiation of SH-SY5Y cells produces a predominantly adrenergic 

cellular phenotype [16, 17].

1.5 Dibutyryl Cyclic AMP

Hormones and neurotransmitters that upregulate intracellular levels of cyclic AMP (cAMP) 

promote differentiation and long-term potentiation in neuronal cells [18, 19]. Exposure of 

SH-SY5Y cells to dibutyryl cyclic AMP (dbcAMP) results in neurite extension, as well as in 

increased expression of the mature neuronal marker growth-associated protein 43 (GAP43) 

[19, 20]. Studies demonstrate that treatment with 1 mM dbcAMP for 3 days decreases cell 

aggregation, reminiscent of the aggregation commonly observed in undifferentiated cultures 

(Fig. 1), and induces significant neurite elongation and branching [20]. Exposure to 

dbcAMP also leads to a significant increase in tyrosine hydroxylase (TH) immunoreactivity 

and in the cellular content of noradrenaline in a protein kinase A (PKA)-dependent manner 

[14, 20]. In comparison to RA and TPA treatment, which increase expression of Bcl-2, 

dbcAMP decreases Bcl-2, highlighting one biochemical difference among differentiation 

methods. These studies indicate that differentiation of SH-SY5Y cells with dbcAMP 

produces a morphological phenotype similar to that seen in RA and TPA-differentiated cells, 

and that the differentiated culture is comprised of primarily adrenergic neuron-like cells.
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1.6 Additional Methods of Differentiation

A number of less-common alternative methods to induce differentiation in SH-SY5Y cells 

have been described, as well. Staurosporine, a PKC inhibitor triggers neuritogenesis and cell 

cycle arrest in SH-SY5Y cells [21, 22]. However, unlike cells differentiated with RA, 

staurosporine-treated cells display increased vulnerability to toxic insults including cisplatin, 

5-fluorouracil, 6-OHDA, and γ-radiation, and express decreased levels of Bcl-2 [22]. 

Consequently, staurosporine-treated cells undergo apoptosis in a dose-dependent manner. In 

addition to staurosporine, treatment with growth factors such as nerve growth factor (NGF) 

and brain-derived neurotrophic factor (BDNF) has been shown to support differentiation into 

and maintenance of a mature neuronal phenotype, particularly when used in combination 

with RA or TPA treatment [2, 23, 24]. Similarly, culturing SH-SY5Y cells in neurobasal 

medium with B27 supplement, conditions commonly used for primary neuronal culture, has 

been shown to enhance differentiation [25]. Other methods include treatment with 

cholesterol, vitamin D, or insulin, or culturing cells on a substrate designed to promote 

neuronal differentiation and survival [26–29]. Again, selection of a suitable differentiation 

induction agent should be carefully evaluated depending on the possibility of downstream, 

unintended effects on output measures caused by treatment alone.

1.7 Markers for Differentiation

Undifferentiated SH-SY5Y cells typically resemble immature catecholaminergic neurons. 

They are characterized by markers indicative of proliferation, such as proliferating cell 

nuclear antigen (PCNA), as well as by immature neuronal markers such as nestin [7, 30]. 

Undifferentiated cells also express differentiation-inhibiting basic helix-loop-helix 

transcription factors ID1, ID2, and ID3, all of which are significantly decreased following 

treatment with RA or TPA [13]. Following differentiation, SH-SY5Y cells express a number 

of mature neuronal markers, including βIII-tubulin, microtubule-associated protein-2 

(MAP2), synaptophysin, NeuN, synaptic associated protein-97 (SAP-97), and NSE [7, 12]. 

Additionally, expression of differentiation-promoting genes NEUROD6 and NEUROD1 

increase following RA treatment [13]. Differentiation of SH-SY5Y cells can result in a 

relatively homogenous population of G0 stage, neuronal-like cells which display an absence 

of markers for other CNS cell types, such as the astrocytic marker glial fibrillary acidic 

protein (GFAP) [2, 11], but care should be given to assess proliferation of cells that lack the 

neuronal-like phenotype as discussed below.

Numerous reports have specifically addressed methods to obtain neuron-like cells from 

undifferentiated SH-SY5Y. Some reports suggest using only floating cells in differentiation 

protocols, while others recommend using only adherent cells for differentiation. A detailed 

description for RA-differentiated, BDNF maintained SH-SY5Y cells was published in 2000 

by Encinas et al. [2]. In these studies, the authors classify undifferentiated cells as either S-

type (substrate adherent) without neuron-like phenotype or N-type (neuroblastic) 

characterized by neuritic processes (Fig. 3). In the study by Encinas, cells were plated at 104 

cells/cm2 on collagen-coated (0.05 mg/ml) plates in DMEM with 2 mM L-glutamine, 

penicillin (20 IU/ml), streptomycin (20 mg/ml) and 15 % FBS. Upon differentiation with 10 

µm all-trans-RA for 5 days, N-type cells were reported to gain neuron-like characteristics 

more readily than S-type. However, at day 10 post-RA, the percentage of S-type cells in the 
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culture increased and cultures were overgrown by the S-type population. Thus, short term 

RA treatment (up to 5 days) appeared to induce differentiation of N-type cells, but longer 

treatment (>10 days) promoted proliferation of S-type cells thereby promoting unbalanced 

proportion of S- to N-type cells. Based on results such as these, consideration should be 

given not only to passage number, but also to cell phenotype in culture when designing in 

vitro experiments. One potential solution to prevent the imbalance, recommended by 

Encinas et al. is adding 50 ng/ml BDNF to RA-treated cultures since RA is reported to 

induce TrkB receptors on SH-SY5Y cells with maximal expression 5 days after BDNF 

exposure. Removal of serum in combination with BDNF treatment is recommended to 

prevent replication of S-type cells. Including serum during RA-BDNF treatments can 

promote S-type proliferation that is observed as a monolayer of S cells under the 

differentiating N-type cells. Cultures maintained under serum-free, BDNF supplemented 

conditions were stable for up to 3 weeks without S-type cell over growth with minimal 

apoptotic cells as determined by TUNEL assay and biochemical analyses. With BDNF cells 

are arrested, but BDNF withdrawal induces cells to enter the S-phase of the cell cycle [2].

Neuronal marker expression of cultures exposed to RA, BDNF and serum-free conditions 

was assessed by immunocytochemistry and western analyses. In these studies, neither 

untreated nor RA-BDNF treated SH-SHY5Y cells expressed GFAP, but NSE was detected in 

all conditions. On the other hand, both medium and high molecular weight neurofilament 

was detected in untreated and 5-day RA treated neurons, but disappeared after BDNF was 

added. GAP-43 expression increased after 5 days RA treatment followed by 1 day of BDNF 

treatment. However, continued BDNF treatment for 3–9 days resulted in return of GAP-43 

levels to baseline. The authors suggest that this expression profile coincides with the high 

levels of neurite extension during which GAP-43 is required. However, the removal of RA 

from BDNF-containing medium may have contributed, as well.

1.8 Markers for Receptors/Transporters

1.8.1 Dopaminergic Neurons—SH-SY5Y cells in both undifferentiated and 

differentiated states express a number of dopaminergic neuronal markers. These cells 

express TH, an enzyme critical for the catalysis of dopamine and, further downstream, 

noradrenaline (norepinephrine) and adrenaline (epinephrine) [20]. Importantly, SH-SY5Y 

cells also express the dopamine transporter (DAT), as well as dopamine receptor subtypes 2 

and 3 (D2R and D3R), making them an exemplary in vitro system for the study of 

neurotoxicity in dopaminergic neurons as well as for drugs, which are known to produce 

primary effects through activation of dopamine receptors [31]. Expression of TH, DAT, 

D2R, and D3R has been shown to increase following differentiation in a number of studies, 

particularly when a combination of RA and TPA are utilized to induce differentiation [7, 15, 

32]. However, there also exists a body of literature that reports no significant difference in 

levels of TH or DAT following differentiation, although these studies typically utilized RA 

alone or agents, which promote a non-dopaminergic phenotype to induce differentiation [12, 

33].

1.8.2 Adrenergic Neurons—SH-SY5Y cells can be driven toward an adrenergic 

phenotype by RA- or TPA-induced differentiation. Again, the expression of TH is required, 
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as nor-adrenaline and adrenaline are derived from dopamine catalyzed in a TH-dependent 

manner [20]. Studies demonstrate that both differentiated and high-passage undifferentiated 

SH-SY5Y cells express sufficient levels of dopamine-β-hydroxylase, the enzyme that 

catalyzes the formation of nor-adrenaline from dopamine, and are capable of converting 

intracellular dopamine into nor-adrenaline (nor-epinephrine). Additionally, SH-SY5Y cells 

express the norepinephrine transporter (NET) and the vesicular monoamine transporter 

(VMAT), characteristic of adrenergic neurons.

1.8.3 Cholinergic Neurons—The expression of both muscarinic and nicotinic 

acetylcholine receptors has been reported in SH-SY5Y cells. The G-protein coupled 

muscarinic receptors are present on membranes of both undifferentiated and differentiated 

cells, though levels and binding properties are differentially regulated according to method 

of differentiation. For instance, TPA treatment decreases while RA treatment increases the 

number of muscarinic binding sites [4]. Both TPA- and RA-treated cells display significantly 

increased acetylcholinesterase activity compared to undifferentiated cells. However, only RA 

treatment has been shown to increase choline acetyltransferase activity [4]. The ligand-gated 

ion channel nicotinic acetylcholine receptors (nAChR) are also present in SH-SY5Y cells 

and are deemed to be analogous to human ganglia-type nAChR [34, 35]. The nAChR on SH-

SY5Y cells have been shown to desensitize in response to nicotine but regain full sensitivity 

following washout, similarly to what is known to happen in primary neurons upon receptor 

activation [36].

2 Materials

2.1 Cells

Cells can be purchased from ATCC (ATCC® CRL-2266) http://www.atcc.org/. Cells will 

arrive on dry ice and should be processed immediately or placed in vapor phase liquid 

nitrogen until ready for culturing.

2.2 Reagents

1. Dulbecco’s Minimum Essential Medium (DMEM).

2. F12 Medium.

3. Fetal Bovine Serum (FBS), 10 % final concentration.

4. Penicillin/Streptomycin (Pen/Strep), 1 % final concentration (100 IU/ml, 

100 µg/ml, respectively).

5. Trypsin/EDTA.

6. Neurobasal medium (NB).

7. B27 supplement.

8. GlutaMAX.

9. All-trans-retinoic acid (ATRA).

10. DMSO.
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11. 1× Phosphate-buffered saline (PBS).

12. Sterile disposable filter apparatus, with 0.22 µm pore size.

3 Methods

3.1 Initial Culture Conditions

1. Prepare growth medium: DMEM/F12 (1:1, v:v) medium, (10 % FBS and 

1 % pen/strep) and filter through a 0.22 µm pore filter apparatus.

2. Obtain cells from the ATCC (ATCC® CRL-2266) and thaw quickly at 

37 °C.

3. Gently remove cell suspension from tube and add to a T-75 tissue culture 

flask containing warm (37 °C) growth medium (see Note 1).

4. Culture cells at 37 °C, 5 % CO2. Growth medium should be refreshed 

every 4–7 days (see Note 2). Monitor cells for confluence. When cells 

reach 80–90 % confluence, subculture as described below.

3.2 Sub-culture Conditions

1. Aspirate medium under sterile conditions. If a number of floating cells are 

present, medium can be collected and centrifuged so non-adherent cells 

can be recovered and re-plated.

2. Rinse adherent cells once with sterile 1× PBS pre-warmed to 37 °C or 

room temperature (see Note 3). To prevent detaching cells, add the PBS to 

the inside surface of the culture flask that does not have cells attached. Do 

not add PBS directly onto cell monolayer. Gently tip the flask so that the 

PBS washes over the cell monolayer. Aspirate PBS.

3. Add trypsin to adherent cells for approximately 2 min or until cells visibly 

detach from culture flask (see Note 4).

4. Neutralize trypsin by adding an equal volume of DMEM/F12 medium 

containing 10 % FBS.

5. Collect detached cell suspension and centrifuge at 1,500 rpm for 5 min at 

room temperature to concentrate cell pellet.

6. Aspirate supernatant carefully without disturbing the cell pellet.

7. Gently suspend pellet in DMEM/F12 medium containing 10 % FBS.

1To improve cell survival, be careful not to introduce air when pipetting/transferring cells between flasks or tubes.
2The color of the medium indicates the rate of metabolism of key components by cells. When medium becomes more acidic (color 
appears more yellow than red), it is likely time to change the medium.
3Rinsing with PBS removes the majority of the serum contained in growth medium. Trypsin works more efficiently in the absence of 
serum as serum inhibits its activity.
4Reduce the amount of time cells are exposed to trypsin. Once cells have been exposed to trypsin for about 1 min, you may gently tap 
the flask to assist in detachment.
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8. To separate cells from clumps, pipette up and down gently until the 

suspension appears homogenous (see Note 1).

9. Count cells using a hemocytometer and plate at approximately 3 × 103 to 1 

× 105 cells/cm2 (see Note 5).

3.3 Differentiation

1. 24–48 h after plating, replace serum-containing medium with Neurobasal 

medium (containing B27 supplement and GlutaMAX) and 10 µM all-

trans-retinoic acid (ATRA) to promote differentiation and neuronal 

phenotype.

2. Allow cells to grow in ATRA-containing neurobasal medium for a 

minimum of 3–5 days, refreshing the medium every 48 h.

3. Differentiation can be monitored microscopically via morphological 

assessment of neurite outgrowth (compare Figs. 1 and 2).

3.4 Freezing Down

1. To freeze down SH-SY5Y cells, begin with undifferentiated cultures.

2. Harvest 80–90 % confluent monolayer from a T75 flask and pellet cells as 

described above (see Note 6).

3. Suspend the cell pellet gently in 1 ml of 90 % FBS, 10 % DMSO in a 

sterile 1.5 ml screw cap vial appropriate for storage in the vapor phase of 

liquid nitrogen.

4. Store cells at −80 °C for approximately 24 h in an insulated cryobox and 

then transfer tubes to liquid nitrogen for long-term storage.
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Fig. 1. 
Undifferentiated SH-SY5Y cells. Cells tend to grow in clusters and may form clumps of 

rounded cells on top of one another (arrow). At edges of the cluster, cells begin to extend 

short neurites (arrowhead)
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Fig. 2. 
Differentiated SH-SY5Y cells. Cells do not cluster and have a more pyramidal shaped cell 

body (arrowhead). Neurites begin to extend, reminiscent of dendrites and/or axons
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Fig. 3. 
Differentiated cells populations consist of two morphologically distinct types: “S” and “N”. 

The “S” type cell is epithelial-like with no processes (arrows), whereas the “N” type is more 

neuronal-like with pyramidal shaped bodies (asterisk) and long processes (arrowheads)
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