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Abstract 

Humans are exposed to a variety of chemicals including environmental pollutants, 

cosmetics, food preservatives and drugs. Some of these substances might be harmful 

to the human body. Traditional toxicological and behavioural investigations 

performed in animal models are not suitable for the screening of a large number of 

compounds for potential toxic effects. There is a need for simple and robust in vitro 

cellular models that allow high-throughput toxicity testing of chemicals, as well as 

investigation of specific mechanisms of cytotoxicity. The overall aim of the thesis 

has been to evaluate neuronally differentiated mouse embryonal carcinoma P19 cells 

(P19 neurons) as a model for such testing. The model has been compared to other 

cellular models used for neurotoxicity assessment: retinoic acid-differentiated 

human neuroblastoma SH-SY5Y cells and nerve growth factor-treated rat 

pheochromocytoma PC12 cells. The chemicals assessed in the studies included the 

neurotoxicants methylmercury, okadaic acid and acrylamide, the drug of abuse 

MDMA (“ecstasy”) and a group of piperazine derivatives known as “party pills”. 

Effects of the chemicals on cell survival, neurite outgrowth and mitochondrial 

function have been assessed.  

In Paper I, we describe a fluorescence-based microplate method to detect chemical-

induced effects on neurite outgrowth in P19 neurons immunostained against the 

neuron-specific cytoskeletal protein βIII-tubulin. In Paper II, we show that P19 

neurons are more sensitive than differentiated SH-SY5Y and PC12 cells for 

detection of cytotoxic effects of methylmercury, okadaic acid and acrylamide. 

Additionally, in P19 neurons and differentiated SH-SY5Y cells, we could 

demonstrate that toxicity of methylmercury was attenuated by the antioxidant 

glutathione. In Paper III, we show a time- and temperature-dependent toxicity 

produced by MDMA in P19 neurons. The mechanisms of MDMA toxicity did not 

involve inhibition of the serotonin re-uptake transporter or monoamine oxidase, 

stimulation of 5-HT2A receptors, oxidative stress or loss of mitochondrial membrane 

potential. In Paper IV, the piperazine derivatives are evaluated for cytotoxicity in 

P19 neurons and differentiated SH-SY5Y cells. The most toxic compound in both 
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cell models was TFMPP. In P19 neurons, the mechanism of action of TFMPP 

included loss of mitochondrial membrane potential. In conclusion, P19 neurons are a 

robust cellular model that may be useful in conjunction with other models for the 

assessment of chemical-induced neurotoxicity. 
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Populärvetenskaplig sammanfattning 

Det moderna samhället är beroende av kemikalier som läkemedel, 

bekämpningsmedel, personliga hygienprodukter samt andra industritillverkade 

produkter. Det finns många fördelar med dessa kemikalier såsom att läkemedel 

räddar liv, förbättrar livskvalitet och att bekämpningsmedel inom jordbruket gör det 

möjligt att massproducera mat. Nackdelarna med vissa kemikalier innefattar deras 

negativa påverkan på miljön och människors hälsa. En kategori av kemiska 

substanser som har skadliga effekter på hälsan är missbruksdroger. Antalet nya 

kemiska substanser som används i berusningssyfte har ökat globalt under de senaste 

åren och många gånger saknas det information om deras toxiska effekter. Det är 

viktigt att testa kemikalier i allmänhet, och missbruksdroger i synnerhet, för att 

förstå deras toxiska effekter och för att kunna hantera och förebygga hälso- och 

miljöproblem associerade med dessa kemikalier. En viktig parameter att testa är 

kemikaliepåverkan på nervsystemet, eftersom intag av vissa substanser kan leda till 

svårigheter med inlärning, minne, språk och kommunikation.  

Traditionella toxikologiska undersökningar har utförts på djur. Sådana studier är 

dyra, tidskrävande och kan orsaka lidande hos djuren. Det finns därför behov av 

alternativa modeller för att utföra toxikologisk riskbedömning av kemikalier. In 

vitro cellmodeller kan användas för att testa ett flertal kemikaliers toxicitet med 

relativt enkla metoder och under en rimlig tid. Resultaten av dessa tester kan 

användas för att prioritera substanserna för vidare undersökningar i komplexa 

djurmodeller. Därmed kan man minska användningen av djur för toxikologiska 

studier.  

I denna avhandling har vi utvärderat embryonala P19-karcinomceller från mus som 

en modell för att undersöka neurotoxiska effekter av kemikalier. Behandlingen med 

retinoinsyra (en nedbrytningsprodukt av vitamin A) gör att P19-celler mognar till 

nervliknande celler (P19-neuroner). I den första studien utvecklade vi en enkel 

metod för att mäta kemikaliepåverkan på neuritutväxt i P19-neuronen, eftersom 

skador på neuritnätverk, som är ett kommunikationsnät mellan cellerna, kan leda till 
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försämringar i kognitiva funktioner hos människor och djur. Vi märkte P19-

neuronen med antikroppar mot det neuronspecifika cytoskelettproteinet βIII-tubulin 

och mätte cellernas fluorescens i en fluorescensplattläsare. Resultatet visade att 

metoden kunde användas för att mäta neuritutväxt och kemikaliepåverkan på 

neuritutväxt i P19-neuronen. 

I de efterföljande studierna testade vi förmågan hos P19-neuronen att detektera 

toxicitet hos de kända neurotoxiska kemikalierna metylkvicksilver, okadasyra, 

akrylamid, missbruksdrogen MDMA (3,4-metylendioximetamfetamin) samt 

piperazinderivater. Vi jämförde också P19-neuronen med etablerade in vitro 

cellmodeller för att detektera toxiska effekter hos vissa av dessa substanser. Dessa 

cellmodeller var retinoinsyrabehandlade SH-SY5Y-celler från människa och 

nervtillväxtfaktorstimulerade PC12-celler från råtta. Generellt sett visade fler av de 

undersökta substanserna toxicitet i P19-neuronen än i de andra cellmodellerna. Vi 

kunde också identifiera vissa kända mekanismer bakom toxicitet för några av dessa 

kemikalier i P19-neuronen.  

Sammanfattningsvis visar studierna att P19 neuronen är användbar som cellmodell 

för att undersöka neurotoxiska effekter av kemikalier och mekanismer bakom 

toxiciteten på cellnivå. 
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Abbrevations 

5-HT 5-hydroxytryptamine (serotonin) 

BZP 1-benzylpiperazine  

Calcein-AM calcein-acetoxymethyl  

cDNA complementary deoxyribonucleic acid 

DA dopamine 

DAPI 4´,6-diamidino-2´-phenylindole dihydrochloride 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

ELISA enzyme-linked immunosorbent assay 

GABA gamma-aminobutyric acid 

GSH glutathione 

LDH lactate dehydrogenase  

MAO monoamine oxidase 

MDMA 3,4-methylenedioxymethamphetamine 

MeHg methylmercury 

MeOPP 1-(4-methoxyphenyl)piperazine 

mRNA messenger ribonucleic acid 

MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

NA noradrenaline 

NGF nerve growth factor 

PCR polymerase chain reaction 

pFPP 1-(4-fluorophenyl)piperazine  

PI propidium iodide  

RNA ribonucleic acid 

SERT serotonin transporter 

TFMPP 1-(3-trifluoromethylphenyl)piperazine  

TMRE tetramethylrhodamine ethyl ester 
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Introduction  

In vitro cellular models for toxicity assessment of chemicals 

Modern society is dependent on a variety of chemicals including pharmaceuticals, 

pesticides, personal care products and other industrial products. There are a lot of 

benefits associated with these products including healthcare improvements and 

large-scale production of food. On the other hand, some of the chemicals are 

harmful to humans and animals, the environment and the ecosystems (Blaauboer, 

2002). A special category of chemicals that are hazardous to humans are drugs of 

abuse. The production and consumption of new psychoactive substances are 

increasing globally (Zawilska, 2015), and the internet allows trading with those 

chemicals across borders (Forman et al., 2006). The main customer group of these 

recreational substances, with poorly characterized toxic effects, are young adults. It 

is important to assess rapidly the toxicity of chemicals in general, and drugs of abuse 

in particular, and to provide that information to society. Impact of chemicals on the 

nervous system is an important parameter to assess the risk of cognitive 

abnormalities and overt brain damage that can follow the uncontrolled use of such 

compounds. 

Traditionally, toxicological tests have been performed on animal models. The 

investigations on animals are expensive, time-consuming and may cause animal 

suffering. The toxicological data received from the animal models is to some degree 

uncertain when extrapolated to humans due to interspecies variabilities (Olson et al., 

2000; Blaauboer, 2002). There is a need for alternative approaches including in vitro 

cellular models for toxicity risk assessment not only to reduce animal testing, but 

also to evaluate chemicals for potential toxicity in a high-throughput manner 

(Judson et al., 2014). Advantages of the cellular models for toxicological evaluation 

of chemicals include the relatively low cost of experiments that are straightforward 

to perform, and allow the evaluation of many chemicals within a reasonable time 

frame. Moreover, such models provide a tool to investigate mechanisms of toxicity 



 

2 

on the cellular level that are difficult to perform in more complex animal models 

(Harry & Tiffany-Castiglioni, 2005; Judson et al., 2014).  

Disadvantages of the in vitro cellular models for neurotoxicity assessment include 

their isolated context, and the lack of the processes of absorption, distribution, 

metabolism and excretion that occur in animals and humans. Therefore, the cellular 

models cannot be used to replace animal models (Blaauboer, 2002). However, in 

vitro cellular models might be an effective way of screening chemicals for potential 

toxicity in order to prioritize the compounds for further investigation in vivo (Harry 

& Tiffany-Castiglioni, 2005).  

The development of in vitro systems has progressed from simple cell cultures to 

complex 3D structures such as human pluripotent stem cell-derived 3D neural 

constructs for neurotoxicity assessment (Schwartz et al., 2015) and organ-on-a-chip 

systems (Cho & Yoon, 2017). Nevertheless, until these models become broadly 

available, characterized and validated for toxicological screening of chemicals, it is 

valuable to use simple and robust cellular models for toxicity screening of 

chemicals. However, even the less complex models such as human embryonic stem 

cells and induced pluripotent stem cells are, so far, expensive to culture and the 

differentiation process is long (1-3 months) (Hu et al., 2010). There is thus a place 

for simpler, but robust, cellular model systems for in vitro neurotoxicity assessment 

of chemicals. In this respect, rat pheochromocytoma PC12 and human 

neuroblastoma SH-SY5Y cells have been extensively used both in undifferentiated 

and neuronally differentiated states (Slotkin et al., 2007; Parran et al., 2003; 

Gustafsson et al., 2010; Barbosa et al., 2014). The present thesis advances the 

argument that retinoic acid-treated mouse embryonal carcinoma P19 cells are also a 

useful model for neurotoxicity assessment. The detailed information about these cell 

types as well as chemicals used for evaluation of the model are presented below.  
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P19 cells and retinoic acid-treated P19 cells 

P19 cells are embryonal carcinoma cells from the C3H/He mouse strain. They 

originated from the tumour obtained after the transplantation of a 7.5 day embryo 

into the testis of a male mouse. The teratocarcinoma was removed, dissected and 

cultured. P19 cells were derived from undifferentiated stem cells established in the 

cell culture (McBurney & Rogers, 1982). 

P19 cells can in vitro differentiate to cells from all three germ layers: endoderm, 

mesoderm and ectoderm, depending on the treatment (McBurney et al., 1982; Smith 

et al., 1987; Jones-Villenueve et al., 1982). Dimethyl sulfoxide (DMSO) induces 

their differentiation into cardiac and skeletal muscle cells (McBurney et al., 1982). 

Retinoic acid induces differentiation of P19 cells to neurons, astrocytes and 

fibroblast-like cells (Jones-Villeneuve et al., 1982). When serum-free medium is 

used, the neuronal cells cultures are mostly free of glial or fibroblast-like cells (Yao 

et al., 1995). P19 neurons possess a number of features characteristic of cultured 

mammalian brain cells. Their morphology is similar to the mammalian brain cells in 

culture. They have small cell bodies with long processes that resemble axons and 

dendrites. P19 neurons are postmitotic (McBurney et al., 1988) and possess 

functional synapses (Finley et al., 1996; Morassutti et al., 1994).  

Retinoic acid-treated P19 cells (P19 neurons) have several neurotransmitter 

phenotypes in the same population (Staines et al., 1994), instead of a single or 

distinct co-expressed neurotransmitter(s) characteristic of neurons in the nervous 

system. The inhibitory neurotransmitter GABA and the enzymes glutamic acid 

decarboxylase and GABA-transaminase, required for GABA synthesis and 

degradation, respectively, have been detected (Staines et al., 1994). The 

neuromodulator acetylcholine and the enzymes responsible for its synthesis and 

degradation, choline acetyltransferase and acetylcholinesterase, respectively, have 

also been identified in the cells (Parnas & Linial, 1995). The culture conditions 

define whether or not the retinoic acid-treated P19 cells differentiate into a 

cholinergic neuronal phenotype. When cultured at a low density of 5 x 104 cells/cm2, 
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the cells express the enzymes choline acetyltransferase and acetylcholinesterase. 

Although, at a high density culture (2 x 105 cells/cm2), the cholinergic phenotype is 

suppressed (Parnas & Linial, 1995). P19 neurons express functional ionotropic 

glutamate receptors of N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)/kainate type, that are characteristic of 

neurons in the central nervous system (Turetsky et al., 1993). Functional CB1 

cannabinoid receptors have been found in P19 neurons (Svensson et al., 2006). 

Finally, the P19S18O1A1 clone of P19 cells has an adrenergic phenotype since the 

cells possess the enzymes in the pathway of catecholamine synthesis: tyrosine 

hydroxylase, dopamine-β-hydroxylase and phenylethanolamine N-methyltransferase 

(Sharma & Notter, 1988).  

SH-SY5Y cells and retinoic acid-differentiated SH-SY5Y cells 

SH-SY5Y is a human neuroblastoma cell line, a subclone of SK-N-SH cells 

established in 1970 from a bone marrow aspiration of a 4-year-old girl diagnosed 

with metastatic neuroblastoma (Biedler et al., 1973). SH-SY5Y cells are 

catecholaminergic neuroblastoma that possess moderate levels of dopamine-β-

hydroxylase activity, express tyrosine hydroxylase and the dopamine transporter 

protein (Biedler et al., 1978; McMillan et al., 2007; Takahashi et al., 1994). SH-

SY5Y cells can also covert glutamate to GABA (Biedler et al., 1978). Upon 

exposure to retinoic acid, SH-SY5Y cells differentiate to a mature dopaminergic-

like neurotransmitter phenotype. Both undifferentiated and retinoic acid-

differentiated SH-SY5Y cells produce dopamine, but the dopamine levels are 

increased in the differentiated cells. The retinoic acid-differentiated SH-SY5Y cells 

possess dopamine and noradrenaline neurotransmitter transporters (Korecka et al., 

2013) as well as functional muscarinic receptors (Fowler et al., 1989).  

Undifferentiated and differentiated SH-SY5Y cells have been used for neurotoxicity 

assessment of chemicals (Gustafsson et al., 2010; Barbosa et al., 2014). Both cell 

types have also been applied for Parkinson’s disease studies due to their 

dopaminergic properties (Lopes et al., 2010). Moreover, the cells have been used in 
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Alzheimer’s disease studies since tau isoforms and amyloid beta proteins are present 

in both undifferentiated and differentiated SH-SY5Y cells (Agholme et al., 2010).  

PC12 cells and nerve growth factor-treated PC12 cells 

PC12 is a single cell clonal line established from a pheochromocytoma of the rat 

adrenal medulla (Greene & Tischler, 1976). Upon exposure to the nerve growth 

factor (NGF) protein, PC12 cells stop proliferating and form neuron-like processes. 

The effects of NGF are reversible. Its removal from the culture medium leads to 

neurite degeneration, but leaves cell bodies unaffected, and the cells begin to divide 

some days after NGF removal (Greene & Tischler, 1976). 

PC12 cells and NGF-stimulated PC12 cells express the enzymes for catecholamine 

synthesis: tyrosine hydroxylase, DOPA decarboxylase and dopamine-β-hydroxylase. 

As a result, PC12 cells and NGF-treated PC12 cells synthesize dopamine but also 

noradrenaline and therefore resemble sympathetic neurons (Greene & Tischler, 

1976; Fujita et al., 1989).  

PC12 cells synthesize, store and release acetylcholine (Greene & Rein, 1977), and 

possess the functional enzymes responsible for its synthesis and degradation, choline 

acetyltransferase and acetylcholinesterase, respectively. NGF increases the activity 

of both enzymes in PC12 cells (Schubert et al., 1977; Rieger et al., 1980), and the 

cells are able to form cholinergic synapses with the clonal cell line L6 of skeletal 

muscle origin (Schubert et al., 1977). 

PC12 cells are a useful model to study regulation of neurite development and the 

process of neuronal differentiation (Greene & Tischler, 1976; Fujita et al., 1989). 

The cell model has also been used to study developmental neurotoxicity of 

chemicals (Slotkin et al., 2007; Parran et al., 2003). 
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Methylmercury  

Mercury (Hg) is listed among top 10 hazardous chemicals for public health by the 

World Health Organization (World Health Organization, 2016). The organic form of 

mercury that is particularly toxic to humans is methylmercury (MeHg). Inorganic 

mercury is transformed into organic MeHg in bacteria (Schaefer et al., 2011; Parks 

et al., 2013), and accumulates in fish and other marine organisms (Clayden et al., 

2015; Souza-Araujo et al., 2016). Humans are exposed to MeHg primarily via 

dietary consumption of seafood. 

Human exposure  

Sheehan et al., 2014 identified three categories of seafood-consuming populations of 

women and infants with greatest health concerns from MeHg exposure. Those 

categories were (1) rural populations living at the riverside next to tropical small-

scale gold mining operations whose diets are based on local freshwater fish; (2) 

people in Arctic regions that consume marine mammals on a regular basis; and (3) 

populations at the coasts of the Pacific Ocean and the Mediterranean Sea, who 

consume commercially available seafood.  

Acute exposure to MeHg (high concentrations) 

The first documented case of epidemic MeHg poisoning occurred in Japan around 

Minamata Bay in the early 1950s. MeHg was released into Minamata Bay from a 

chemical factory, and the population was exposed to high concentrations of MeHg 

via consumption of polluted fish. The levels of mercury in local marine products 

were high (6-36 µg/g) (Harada, 1995) compared to less than 0.5 µg/g found in most 

fish nowadays (FDA, 2017). 

In some cases, the poisoning resulted in a severe neurological disease named 

Minamata disease. The symptoms included cerebellar ataxia (uncoordinated 

movements and difficulties in writing and speaking), blurred vision, impaired 
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hearing, numbness in hands and feet and intellectual/personality disabilities. 

Intellectual and emotional disabilities were severe in some of the cases. Children 

born to mothers exposed to MeHg showed marked disturbances in mental and motor 

development (Harada, 1995). Thereby, MeHg was considered highly toxic to the 

human brain and especially toxic to the nervous system in the developing fetus 

(Ekino et al., 2007). 

Further evidence for MeHg neurotoxicity came after acute MeHg poisoning in rural 

Iraq in 1972. The population was exposed via bread made from wheat treated with 

fungicide that contained MeHg. The levels of mercury in blood were higher in 

infants exposed in utero compared to their mothers. In severe cases, the infants had 

largely impaired motor and mental functions (Amin-Zaki et al., 1974). 

Chronic exposure to MeHg (moderate and low concentrations) 

In both cases (Japan and Iraq) described above, the populations were acutely 

exposed to high concentrations of MeHg. The question was raised if prenatal 

exposure to lower concentrations of MeHg had an effect on children’s neuronal 

development. Two large cohort studies were performed in order to answer that 

question. These were the studies in the Faroe Islands and in the Seychelles. In the 

Faroe Islands, exposure to MeHg primarily comes from the consumption of whale 

meat, and in the Seychelles, the diet is essentially based on fish.  

The results of these investigations differed. The Faroe Island study showed that 

prenatal exposure to MeHg had adverse effects on the cognitive functions in 

children such as language, attention and memory (Grandjean et al., 1997). However, 

in the Seychelles, no association was found between MeHg exposure and adverse 

effects on neuronal development (van Wijngaarden et al., 2013; Strain et al., 2015). 

The difference might be partly due to higher MeHg concentrations in whale 

(Julshamn et al., 1987) than in fish (FDA, 2017) as well as other environmental 

contaminants in whale that could possibly affect neuronal development.  
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While adverse effects of prenatal exposure to MeHg in humans have been debated 

based on the results of these two important studies, investigations made on animals 

and cellular models continue to gather evidence for neurotoxic effects of MeHg. 

Studies in animals and in cellular models 

MeHg is particularly toxic to the developing brain. The chemical affects nerve cells 

in several brain regions. In rat brain, during neuronal development, MeHg inhibited 

neurite outgrowth in the cerebellum (Fujimura et al., 2016), disrupted neuronal 

migration in cerebrocortical neurons (Guo et al., 2013), and induced apoptosis in the 

hippocampus (Sokolowski et al., 2011). 

In in vitro cellular models, MeHg showed similar cytotoxicity as observed in vivo 

i.e. disrupted neurite formation and cell death. Thus, in rat primary embryonic 

cortical neural stem cells, MeHg inhibited neuronal differentiation at a low 

nanomolar concentration (5 nM) and induced apoptosis at a low micromolar 

concentration (0.5 µM) (Tamm et al., 2006). In rat neural progenitor cells of 

embryonic cerebral cortex, MeHg (10 nM) suppressed cell proliferation (Fujimura & 

Usuki, 2015). In the mouse hippocampal HT22 cell line, MeHg (4 µM) caused 

necrotic and apoptotic cell death (Tofighi et al., 2011). 

Molecular mechanisms of MeHg neurotoxicity are complex and closely 

interconnected. They key events are presented in Table 1.  

A number of mechanistic studies cited in the Table have been performed on cellular 

models that are particularly useful for investigation of specific mechanisms of 

toxicity. 
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Table 1. Molecular mechanisms of MeHg neurotoxicity. 

Molecular mechanism Reference 

Glutamate excitotoxicity 

Increased extracellular glutamate levels 

Enhanced sensitivity of NMDA receptors 

Inhibited glutamate uptake 

 

 

Carratu et al., 2006 

Manfroi et al., 2004 

Modulations of intracellular Ca2+ levels 

Increased [Ca2+]i levels 

 

Limke & Atchison, 2002 

Mitochondrial dysfunctions 

Decreased mitochondrial Ca2+ uptake 

Decreased ATP levels 

Loss of mitochondrial membrane potential (ΔΨm) 

 

 

 

Tofighi et al., 2011 

Oxidative stress Caballero et al., 2016 

Disruption in development of glutathione antioxidant 
system  

Decreased GSH levels 

Inhibited glutathione peroxidase activity  

Inhibited glutathione reductase activity 

 

 

 

Stringari et al., 2008 

Apoptosis 

Bax activation  

Cytochrome c release  

Caspase activation 

 

 

Tamm et al., 2006 

Sokolowski et al., 2011 
Abbreviations: [Ca2+]i, intracellular Ca2+; ATP, adenosine triphosphate; GSH, glutathione.  
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Okadaic acid  

Okadaic acid is a marine biotoxin found in microalgae dinoflagellates. It 

accumulates in shellfish and is responsible for diarrhetic shellfish poisoning 

(Nielsen et al., 2016). Okadaic acid is a potent and selective reversible inhibitor of 

two major serine/threonine protein phosphatases PP1 and PP2A with a higher 

affinity for PP2A (Bialojan & Takai, 1988; Sasaki et al., 1994). The inhibition of 

these phosphatases leads to hyperphosphorylation of a large number of proteins, 

thereby changing their function (Haystead et al., 1989). For example, okadaic acid 

leads to activation of major kinases in neurons associated with 

hyperphosphorylation of the tau protein, a property that has been exploited in 

experimental Alzheimer’s disease research (Kamat et al., 2014). 

The neurotoxic effects of okadaic acid are summarized in Table 2.  

Table 2. Neurotoxic effects of okadaic acid in vivo and in vitro. 

The cytoskeleton is one of the key targets of okadaic acid. In cortical neurons 

derived from rat pups and NGF-stimulated PC12 cells, okadaic acid inhibited 

neurite outgrowth at low nanomolar concentrations (Das & Miller, 2012; Chiou & 

Westhead, 1992). In cultured rat cortical neurons and in a human neuroblastoma cell 

line (MSN), okadaic acid induced changes in neuronal cytoskeleton that resulted in 

cell death (Arias et al., 1993). In the human neuroprogenitor cell line NT2N, 

 Reference 

Neurotoxic effect In vivo In vitro 

Cytoskeletal 
disruption Arias et al., 1998 Merrick et al., 1997 

Oxidative stress  Zhang & Simpkins, 2010 Yi et al., 2009 

Mitochondrial 
dysfunction Kamat et al., 2011 Yoon et al., 2006 

Apoptosis Kamat et al., 2011 Cagnoli et al., 1996 
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okadaic acid depolymerized stable microtubules and produced degeneration of 

axons (Merrick et al., 1997). In vivo in the rat hippocampus, okadaic acid caused 

loss of the microtubule-associated protein MAP2, neurodegeneration and cell death 

(Arias et al., 1998). 

Acrylamide 

Acrylamide is a synthetic monomer used for production of polyacrylamide that has 

applications in a number of industries including paper manufacturing, wastewater 

treatment and mining. Acrylamide is also formed when the carbohydrate-rich food is 

prepared at temperatures above 120 °C such is the case with frying, grilling and 

baking (Taeymans et al., 2004; Sharp, 2003).  

Acrylamide is neurotoxic to humans (He et al., 1989; Bachmann et al., 1992) and 

experimental animals (Jangir et al., 2016; Tian et al., 2015; Ko et al., 1999). In 

humans, factory workers exposed to acrylamide showed neurotoxic symptoms 

including numbness of the hands and feet, muscle weakness, unsteady walking and 

clumsiness in the hands (He et al., 1989; Bachmann et al., 1992). In animal studies, 

acrylamide induced weakness of the hind limbs, uncoordinated movements, loss of 

pain sensation, increase in latency to move and increased freezing time (Jangir et al., 

2016; Ko et al., 1999). In the rat brain, exposure to acrylamide (15 mg/kg/day for 28 

days via oral gavage) caused neuronal degeneration, separation of nerve fibers, 

aggregation of glial cells and necrosis. In the spinal cord, demyelination of gray 

matter and liquefaction of white matter were observed (Jangir et al., 2016). The in 

vitro and in vivo neurotoxic effects of acrylamide are summarized in Table 3. 

Table 3. Neurotoxic effects of acrylamide in vivo and in vitro. 

 Reference 

Neurotoxic effect In vivo In vitro 

Oxidative stress  Lakshmi et al., 2012 Pan et al., 2015 

Apoptosis Lakshmi et al., 2012 Komoike & Matsuoka, 2016 
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Acrylamide is an a,b-unsaturated carbonyl derivative that belongs to the chemical 

class of type-2 alkenes. It is an electrophile that forms covalent bonds with 

nucleophilic residues on biologic macromolecules including enzymes (LoPachin & 

Gavin, 2012). It preferentially interacts with sulfhydryl side-chains on cysteine 

residues (Barber & LoPachin et al., 2004; Barber et al., 2007). The sulfhydryl 

groups located in the catalytic centres (in particular catalytic triads) of enzymes 

often react faster with the electrophiles, compared to the majority of sulfhydryl 

groups in proteins that are primarily present in other regions. Many of these catalytic 

triads are found in critical enzymes in nerve terminals (LoPachin & Barber, 2006). 

Acrylamide binding to the sulfhydryl groups in the catalytic triads will result in 

abnormal enzyme function and hence neurotransmission, the net outcome being to 

produce neurotoxicity (Barber & LoPachin, 2004; Barber et al., 2007; LoPachin et 

al., 2004).  

Acrylamide is also toxic during neuronal development. Rat pups born to mothers 

exposed to 15 mg/kg/day of acrylamide by oral gavage from gestational day 6 to 

lactational day 10, showed decreased horizontal activity and auditory startle 

response (Wise et al., 1995). In vitro, acrylamide reduced neurite outgrowth in 

retinoic acid-differentiated human neuroblastoma SH-SY5Y cells and differentiated 

mouse neural progenitor cells C17. 2 (Attoff et al., 2016).  

MDMA (“ecstasy”)  

3,4-Methylenedioxymethamphetamine (MDMA), also called “ecstasy” is a popular 

recreational drug that has been used since the 1980s (Pentney, 2001). The compound 

is neurotoxic to both humans and animals. The most pronounced acute toxic effect 

produced by MDMA is hyperthermia (elevated body temperature) (Hall & Henry, 

2006; Fantegrossi et al., 2003; Green et al., 2005). Ambient temperature also affects 

MDMA neurotoxiciy in laboratory animals (Malberg & Seiden, 1998) and in rat 

cortical neurons (Capela et al., 2006). 
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In the European Union the prevalence rates of ecstasy use in the 15-34-year-old age 

group based on national surveys since 2012 ranged from 0.1 % in Italy to 3 % in the 

United Kingdom (Mounteney et al., 2016).  

In the United States, 0.8 % (270 000) of young adults aged 18 to 25 years were 

current users of ecstasy in 2014 according to the results from the National Survey on 

Drug Abuse and Health (Center for Behavioral Health Statistics and Quality, 2015).  

The visits to the emergency department related to ecstasy in selected metropolitan 

areas in the USA doubled between 2004 and 2011, from around 10,000 to 22,500 

visits, respectively, reflecting the trend in drug abuse (Substance Abuse and Mental 

Health Services Administration, 2013). 

The acute toxic effects of ecstasy vary from common minor side effects to rare but 

potentially life-threatening conditions. The majority of users have minor side effects 

as tachycardia, dry mouth and bruxism (Peroutka et al., 1988). The severe effects 

include sudden death, hyperpyrexia leading to rhabdomyolysis and multiple organ 

failure (Henry et al., 1992), the serotonin syndrome (Parrott, 2002), acute liver 

failure (Milroy et al., 1996), panic disorder (Pallanti & Mazzi, 1992), hyponatremia 

and cerebral edema (Hartung et al., 2002). 

The long-term neurotoxic effects of MDMA vary between the species. In non-

human primates (Ricaurte et al., 1988) and rats (Battaglia et al., 1987; O'Hearn et 

al., 1988), serotonergic neurons are predominantly damaged. In rat brain, MDMA 

produces long-term structural and functional damages to serotonergic nerve 

terminals (Battaglia et al., 1987; O'Hearn et al., 1988). However, in mice, 

dopaminergic and serotonergic neurons are affected, depending on the mouse strain 

and the investigated brain region (Granado et al., 2008; O'Callaghan & Miller, 1994; 

Zhang et al., 2006). 

The research about MDMA neurotoxicity has mostly been focused on the 

monoamine system, especially on serotonergic neurons in the brain. Both in vivo 
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(Gudelsky & Nash, 1996; Hagino et al., 2011) and in vitro (Fitzgerald & Reid 1990, 

Johnson et al., 1991, Steele et al., 1987), MDMA increases extracellular levels of 

serotonin and dopamine by acting on the serotonin and dopamine transporter 

proteins, respectively. In vitro, MDMA also releases noradrenaline via the 

noradrenaline transporter (Table 4). Additionally, MDMA inhibits the enzyme 

monoamine oxidase (Leonardi & Azmitia, 1994) that metabolizes serotonin, 

dopamine and noradrenaline (Nagatsu, 2004). This contributes to elevated levels of 

these neurotransmitters in the brain and disturbs the brain neurochemistry. 5-HT2A 

receptors are also involved in MDMA neurotoxicity. Ketanserine, the 5-HT2A 

receptor antagonist, reduced MDMA toxicity in the rat brain in vivo (Shioda et al., 

2008) and in rat cortical neuronal cultures in vitro (Capela et al., 2006).  

The mechanisms of MDMA neurotoxicity are complex and not completely clarified. 

Besides hyperthermia and dysfunctions in the monoamine system, the formation of 

toxic metabolites (Capela et al., 2007), glutamate excitotoxicity (Anneken & 

Gudelsky, 2012; Anneken et al., 2013), inflammation (Orio et al., 2004), 

mitochondrial dysfunction (Puerta et al., 2010; Alves et al., 2009) and oxidative 

stress (Colado et al., 1997; Shankaran et al., 1999) contribute to MDMA 

neurotoxicity.  

Benzylpiperazine-based “party pills” 

Benzylpiperazine (BZP) is a stimulant drug of abuse with amphetamine-like 

subjective effects (Bye et al., 1973). The compound became popular in New 

Zealand (Wilkins et al., 2006) in the early 2000s where it had a legal status until the 

year 2008. BZP was the main ingredient of so called “party pills”, that were easily 

available in New Zealand in a wide range of outlets such as grocery stores and 

liquor shops. “Party pills” gained popularity among young adults and were 

considered to be “safe”, largely because of their legal status (Wilkins et al., 2006; 

Sheridan & Butler, 2010). In Europe, benzylpiperazine-based pills have been sold 

on the Internet since the year 2000 (de Boer et al., 2001). 
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In the “party pills”, BZP was often mixed with 1-(3-trifluoromethylphenyl)- 

piperazine (TFMPP) (Thompson et al., 2006; EMCDDA, 2009). Other piperazine 

derivatives including 1-(3-chlorophenylpiperazine) (mCPP), 1-(3,4-methylenedioxy-

benzyl)piperazine (MDBP), 1-(4-fluorophenyl)piperazine (pFPP) and 1-(4-methoxy-

phenyl)piperazine (MeOPP) have also been used recreationally (EMCDDA, 2009; 

Zuba & Byrska, 2013).  

BZP and TFMPP act on the monoamine system in the brain. BZP predominantly 

stimulates release of dopamine, and TFMPP evokes release of serotonin by acting 

on the respective protein transporters (Table 4). In rats, the combination of BZP and 

TFMPP mimics the mechanism of action of the recreational drug MDMA (or 

“ecstasy) in the brain. However, the piperazine derivatives are less potent than 

MDMA to evoke release of the neurotransmitters (Baumann et al., 2005).  

BZP-based “party pills” produce toxic effects in humans including confusion, 

palpitation, agitation, anxiety, insomnia and seizures (Gee et al., 2005; Gee et al., 

2008; Thompson et al., 2006). BZP increases the frequency of seizures with 

increased plasma concentrations. However, some individuals with low plasma 

concentrations develop seizures (Gee et al., 2008). Severe cases of BZP intoxication 

that resulted in multi-organ failure have also been reported (Gee at al., 2010). 

However, in many cases, other drugs of abuse in addition to BZP-based “party pills” 

have been consumed. The polydrug abuse makes it hard to distinguish specific 

toxicity of BZP in humans.  

In rhesus monkeys trained to self-administrate amphetamine and cocaine, symptoms 

of BZP intoxication include bizzare body postures, involuntary head movements and 

jaw chattering (Fantegrossi et al., 2005). In rats, the combination of BZP and 

TFMPP have induced short-lived seizures upon an intravenous injection of the dose 

of 3 mg/kg each, followed by the dose of 10 mg/kg each 60 min later (Baumann et 

al., 2005). 
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On the cellular level, in differentiated human neuroblastoma SH-SY5Y cells, the 

piperazine derivatives including BZP and TFMPP induced apoptotic cells death. The 

mechanisms of toxicity of the compounds involved increased intracellular Ca2+ 

levels, mitochondrial hyperpolarization and depletion of intracellular GSH levels. 

These results suggested a potential neurotoxicity of the piperazine derivatives (Arbo 

et al., 2016). 

The toxic effects of the piperazine derivatives in vitro are not limited to the 

neuroblastoma cells, but are also found in other cell types. In primary rat 

hepatocytes, the piperazine derivatives induced oxidative stress, GSH depletion, loss 

of mitochondrial membrane potential, ATP depletion and activation of caspase-3 

(Dias da Silva et al., 2015). In the rat cardiac cell line H9c2, the piperazine 

derivatives including BZP and TFMPP produced a decrease in ATP levels and an 

increase in intracellular Ca2+ levels. Additionally, TFMPP but not BZP decreased 

mitochondrial membrane potential in the cell line (Arbo et al., 2014).  

Table 4. Release of monoamine neurotransmitters by BZP, TFMPP and 
MDMA in the rat brain. 

Compound In vivo In vitro Reference 
 
1-benzylpiperazine (BZP) 

 

 
DA 
5-HT 

 
DA  
NA 

 
Baumann et al., 2005 
Nagai et al., 2007 

 
1-(3-trifluoromethylphenyl)-
piperazine (TFMPP) 

 
5-HT 

 
5-HT 

 
Baumann et al., 2005 

 
3,4-methylenedioxymeth-
amphetamine (MDMA) 

 

 
5-HT  
DA 

 
5-HT 
DA  
NA 

 
Gudelsky & Nash, 1996 
 
Fitzgerald & Reid, 1990 

Abbreviations: DA, dopamine; 5-HT, serotonin; NA, noradrenaline. 
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Aims of the thesis 
From the introduction, it is clear that there is a need for novel in vitro cellular 

models for neurotoxicological risk assessment of chemicals. Embryonal carcinoma 

P19 cells that, upon exposure to retinoic acid, differentiate to neuron-like cells (P19 

neurons) are a possible candidate for such an in vitro model. In this thesis, P19 

neurons have been evaluated for neurotoxicity testing using chemicals with known 

neurotoxic effects, i.e. methylmercury, okadaic acid, acrylamide, the drugs of abuse 

MDMA (“ecstasy”) and the piperazine derivatives. Chemical-induced effects on cell 

viability, neurite outgrowth and mitochondrial function have been investigated. P19 

neurons have also been compared to differentiated human SH-SY5Y and rat PC12 

cells for their responses to the tested compounds. Effects of chemicals on neurite 

outgrowth is an important morphological parameter used in neurotoxicity 

assessment. So far, the high-throughput evaluation of neurite outgrowth requires 

expensive equipment and software. We have investigated if the relatively 

inexpensive fluorescence microplate reader can be used to rapidely measure neurite 

outgrowth in P19 neurons. Consequently, the aims of the study were: 

Paper I. To develop a fluorescence-based microplate reader assay for a rapid 

detection of chemical-induced effects on neurite outgrowth in P19 neurons using 

anti-βIII-tubulin antibodies.  

Paper II. To compare P19 neurons to differentiated human SH-SY5Y and rat PC12 

cells for neurotoxicity assessment of methylmercury, okadaic acid and acrylamide.  

Paper III. To investigate mechanisms of toxicity of MDMA in P19 neurons with 

focus on the proteins SERT and MAO, oxidative stress and mitochondrial function.  

Paper IV. To examine in vitro toxicity of piperazine-derived designer drugs in P19 

neurons and differentiated SH-SY5Y cells. 
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Methodological considerations 

Cell lines (Paper I, II, III, IV)  

P19 mouse embryonal carcinoma cells (cat. no. ECACC 95102107), PC12 rat 

adrenal pheochromocytoma cells (cat. no. ECACC 88022401), SH-SY5Y human 

neuroblastoma cells (cat. no. ECACC 94030304), Caco-2 human colon 

adenocarcinoma cells (cat. no. ECACC 86010202) and HepG2 human liver 

carcinoma cells (cat. no. ECACC 85011430) were purchased from European 

Collection of Authenticated Cell Cultures (ECACC). The cells were maintained in 

T75 cm2 tissue culture flasks at 37 °C, 5 % CO2. 

Cell culture and differentiation of P19, SH-SY5Y and PC12 cells 

P19 cells (Paper I, II, III, IV) 

P19 cells were cultured in MEM-α medium with deoxyribonucleosides and 

ribonucleosides (αMEM) that contained 10 % fetal bovine serum (FBS), 1 % non-

essential amino acids (NEAA), 100 units/ml penicillin and 100 µg/ml streptomycin 

(1 % PEST). 

P19 cells were induced to neuronal differentiation with retinoic acid, essentially as 

described by Yao et al., 1995, and cultured in Neurobasal medium with B27 

supplement (Svensson et al., 2006). Briefly, P19 cells were seeded at a density of 

1 × 106 cells on bacterial-grade Petri dishes (Ø 92 mm; Sarstedt Inc., Newton, NC, 

USA) in αMEM containing 5 % FBS, 1 % NEAA and 1 % PEST. Differentiation 

was induced by incubation with 1 µM all-trans retinoic acid (RA) for 4 days. The 

medium was changed 2 days after the induction. The cell aggregates formed during 

the induction were incubated for 10 min with trypsin, dissociated and plated on 96-, 

12- or 6-well plates pre-coated with poly-D-lysine (50 µg/ml). The cells were 

cultured at a density of 500-1000 cells/mm2 in a serum-free Neurobasal medium 
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supplemented with B27 (Thermo Fisher Scientific, Invitrogen Life Technologies, 

Uppsala, Sweden) for 6-10 days. Half of the medium in each well was changed 

every 48 h.  

SH-SY5Y cells (Paper II, IV) 

SH-SY5Y cells were cultured in minimal essential medium with Earl´s salts 

(EMEM) supplemented with 10 % FBS, 1 % NEAA, 2 mM L-glutamine and 1 % 

PEST. Differentiation of SH-SY5Y cells was performed essentially according to the 

protocol of Gustafsson et al., 2010. The cells were plated at a density of 500 

cells/mm2 in 96-well plates overnight in the culture medium. The medium was 

replaced with the differentiation medium (Dulbecco’s modified medium with Ham´s 

F12 medium [1:1], 1 % N2 supplement and 1 % PEST) containing 1 µM RA. The 

cells were differentiated for 3 to 6 days. Half of the medium per well was changed 

every 48 h. 

PC12 cells (Paper II) 

PC12 cells were cultured in Dulbecco´s modified Eagle’s medium with high glucose 

(DMEM), 10 % horse serum (HS), 1 % FBS and 1 % PEST in T75 flasks coated 

with poly-D-lysine (50 µg/ml). The cells, when passaged, were incubated for 5 min 

at 37 °C, 5 % CO2 with 0.5 mM ethylenediaminetetraacetic acid (EDTA) solution in 

PBS, and then detached by gentle cell scraping. We did not trypsinize the cells since 

trypsin might reduce the amount of NGF receptors that are required for 

differentiation (Cattaneo et al., 1983). For differentiation, PC12 cells were plated at 

a density of 500 cells/mm2 in 96-well plates and cultured overnight. The medium 

was replaced with the differentiation medium (DMEM, 1 % HS and 1 % PEST) 

containing 100 ng/ml rat nerve growth factor β (NGFβ). Half of the medium was 

changed every 48 h.  
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Comments 

In our hands, P19 cells were a robust model to study events during neuronal 

differentiation. The vast majority of retinoic acid-treated P19 cells possessed 

neuron-like morphology, were postmitotic and built a complex neural network. 

SH-SY5Y cells changed the morphology and produced long neurites during 

differentiation with 1 µM retinoic acid, but continued to proliferate. There are 

several protocols in the literature for differentiation of SH-SY5Y cells. The most 

common chemical used for that purpose is retinoic acid (Agholme et al., 2010; 

Korecka et al., 2013). Other chemicals have also been applied for differentiation 

including brain-derived neurotrophic factor, nerve growth factor and vitamin D3. 

Some protocols include a multiple-step procedure (Agholme et al., 2010). We 

differentiated SH-SY5Y cells with retinoic acid, and used a simple protocol that is 

practical for screening of a large number of chemicals for potential neurotoxic 

effects.  

PC12 cells generated neurites upon treatment with 100 ng/ml NGF, but a much 

lower proportion of cells possessed neurites compared to P19 and SH-SY5Y cells. 

That phenomenon has been observed in other studies as well, where mixed 

population of differentiated and proliferated PC12 cells, upon treatment with NGF, 

have been reported (Chiou & Westhead, 1992; Weber et al., 2013). Although other 

authors have reported that the majority of NGF-treated PC12 cells generate neurites 

(Das et al., 2004; Baskey et al., 2002). Due to the discrepancies in the differentiation 

outcome of PC12 cells stimulated with NGF, the model should be used with caution 

for a standard neurotoxicity screening of chemicals.  

Immunofluorescence detection of βIII-tubulin (Paper I, II, IV) 

The cells were plated in black 96-well plates with clear bottoms and immunostained 

against βIII-tubulin, a neuron-specific protein in microtubules of the cytoskeleton 

(Katsetos et al., 2003). 
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Briefly, the cells were fixed for 30 min with 4 % formaldehyde and permeabilized 

for 5 min with 0.1 % Triton X-100. The cells were washed three times with PBS, 

and non-specific binding was blocked by 30 min incubation with PBS containing 

3 % fetal bovine serum. The samples were incubated for 1 h with the rabbit 

polyclonal antibodies against βIII-tubulin (Convance Inc., Princeton, New Jersey, 

USA) diluted 1:500 and washed three times with PBS. The samples were incubated 

for 1 h with the secondary goat anti-rabbit antibodies Alexa Fluor 488® 

(Invitrogen™, Uppsala, Sweden) diluted 1:250, and washed three times with PBS. 

Fluorescence was measured in a BMG FLOUstar Galaxy microplate reader (BMG 

Lab technologies, Offenburg, Germany) with 485/520 nm excitation/emission 

filters. The fluorescence microscopy images were obtained using a Nikon Eclipse 

TE2000-U inverted microscope with a Plan Fluor ELWD 20x/0.45 objective with a 

Nikon Digital Sight DS-5Mc camera (Tekno Optik AB, Skärholmen, Sweden). 

Samples exposed for 30 min to 2 % Triton X-100 at 37 °C, 5 % CO2 were controls 

for the amount of fluorescence in dead cells.  

Comments 

The protein βIII-tubulin is present both in neurites and cell bodies. In P19 cells, that 

are postmitotic during the process of neuronal differentiation, the increase in βIII-

tubulin fluorescence is correlated to neurite outgrowth as shown in paper I. 

However, in SH-SY5Y cells, that continue to proliferate during the differentiation 

with retinoic acid, the increase in βIII-tubulin fluorescence is due to the increased 

number of cells in addition to growing neurites. In differentiating PC12 cells, the 

lower increase in fluorescence of βIII-tubulin compared to P19 and SH-SY5Y cells, 

is due to less number of cells that have generated neurites (see paper II).  

DAPI staining (Paper I) 

The cells immunolabelled against βIII-tubulin were co-stained with 4´,6-diamidino-

2-phenylindole dihydrochloride (DAPI) nuclear stain for manual counting of the 

number of cells. DAPI was applied at a concentration of 0.3 mM/well for 3 min.  
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Neurite tracing with NeuronJ plug-in for ImageJ software (Paper I) 

Images of the cells immunostained against βIII-tubulin (three images per well) were 

obtained with a Nikon Eclipse TE2000-U inverted microscope with a Plan Fluor 

ELWD 20x/0.45 objective with a Nikon Digital Sight DS-5Mc camera (Tekno Optik 

AB, Skärholmen, Sweden). The images were converted to 800 x 600 pixels using 

Photoshop Elements 8.0 (Adobe, San Jose, CA, USA) and saved in the GIF format 

(graphics interchange format). ImageJ software (1.44) with the NeuronJ plug-in 

(1.4.2) run on Windows 7 (Microsoft, Redmond, Washington, USA) (Meijering et 

al., 2004) was used for the semiautomatic neurite tracing. Neurite lengths in pixels 

were measured, and the DAPI stained cells were manually counted. The total neurite 

length per image and neurite length divided by the number of cells possessing 

neurites were calculated.  

Comments 

Neurite tracing with NeuronJ allows to quantify neurite outgrowth from the 

microscopy images of cells. The method is, however, time-consuming and labour-

intensive compared to the microplate reader measurements. It takes hours to get the 

same amount of data as received by minutes of reading in the fluorescence 

microplate reader. Additionally, the subjective error that might be present in the 

semiautomatic neurite tracing is eliminated in the fluorescence measurements in the 

plate reader.  

Propidium iodide assay (Paper I) 

Propidium iodide (PI) was applied to measure total DNA content and cell death 

during the process of neuronal differentiation of P19 cells. PI is a red fluorescent 

dye that enters the cells via a damaged cell membrane and binds to the double-

stranded DNA (Dengler et al., 1995). PI bound to DNA undergoes 20- to 30-fold 

fluorescence enhancement that is detected at excitation/emission wavelengths of 

535/617 nm. 
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Cell samples were treated for 10 min with 0.2 % Triton X-100 to determine total 

DNA content during the process of neuronal differentiation in P19 cells. Non-treated 

cells were used to measure cell death during the neuronal differentiation. PI (10 

µg/ml) was applied to the cells and incubated together with calcein-AM for 40-60 

min. The cells were washed with Dulbecco’s PBS and the fluorescence was 

measured in a fluorescence microplate reader with 544/620 nm excitation/emission 

filters. 

Cell viability analyses  

For cell viability analyses, the cells were plated in 96-well plates (optically clear for 

colorimetric assays, and black plates with clear bottoms for fluorometric assays). 

The cells were incubated with test compounds or vehicles at 37 °C, 5 % CO2 unless 

otherwise stated.  

Calcein-AM assay (Paper I, II, IV) 

Calcein is a fluorescent dye used for the assessment of cell viability. Calcein-

acetoxymethyl (AM) is a non-fluorescent derivative of calcein that easily permeates 

the cell membrane. Inside the cells, the intracellular esterases remove the AM group, 

and calcein emits a strong green fluorescence at excitation/emission maximum 

around 495/550 nm (Lichtenfels et al., 1994; Roden et al., 1999). 

Calcein-AM dye (Molecular probes™, Thermo Fisher Scientific, Uppsala, Sweden) 

was reconstituted with DMSO and further diluted with PBS. The final concentration 

of DMSO in the assay was 0.01 %. The cells were washed with PBS and incubated 

with 1 µl calcein-AM for 1 h protected from light. Fluorescence was measured in a 

fluorescence microplate reader with 490/520 nm excitation/emission filters. Cells 

treated with 2 % Triton X-100 for 30 min served as controls for total cell death. 

Representative images of the samples were obtained using the fluorescence 

microscope. 
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Comments 

Calcein has a relatively good retention time in living cells, at least 4 h, and a limited 

spontaneous leakage (Lichtenfels et al., 1994). However, lysed cells that retain 

active esterases can convert calcein-AM to the fluorescent calcein that eventually is 

released into the surrounding media. Indeed, calcein can be detected in the 

supernatant hours after exposure of cells to calcein-AM to estimate the number of 

lysed cells in a fluorescence plate reader (Neri et al., 2001). Due to the calcein 

production of lysed cells, the cytotoxicity might be underestimated when total 

calcein fluorescence is determined. 

LDH release (Paper I, II, III, IV) 

Lactate dehydrogenase (LDH) assay is a colorimetric method to measure 

cytotoxicity. LDH is an enzyme present in the cytosol of most cell types. LDH is 

released into the surrounding media when the cell is damaged and the plasma 

membrane is disrupted. LDH activity in the media increases proportionally to the 

number of lysed cells. LDH assay was performed using the LDH cytotoxicity 

detection kit obtained from Roche Diagnostics (Mannheim, Germany) according to 

the manufacturer’s instructions. Aliquots of cell culture media were transferred to an 

optically clear 96-well flat bottom microtiter plate. The mixture of kit reagents was 

added to the samples, and the plate was incubated for 30 min at room temperature 

protected from light. The samples were measured spectrophotometrically at 490 nm 

with a reference wavelength of 650 nm. The total amount of released LDH was 

measured in cell samples incubated with 2 % Triton X-100 for 30 min at 37 °C, 5 % 

CO2. The data was expressed as percentage of the LDH released by the Triton X-

100 treatment.  

Comments 

Serum in media, including FBS, contains LDH and therefore might give high 

background readings in the LDH assay. To avoid this, cells should preferentially be 

maintained in serum-free or low-serum media for use in the assay, that was the case 

in our studies.  



 

25 

MTT reduction (Paper III, IV) 

MTT reduction assay is a colorimetric method to measure cell viability. MTT is a 

yellow tetrazolium salt that is reduced in metabolically active cells to purple 

formazan crystals. The crystals are then solubilized and the absorbance is measured 

at 570 nm. The amount of formazan produced is proportional to the number of 

metabolically active cells present during MTT exposure (Mosmann, 1983). MTT 

reduction has been found in several subcellular fractions including mitochondrial, 

nuclear, microsomal and cytosolic fractions. The pyridine nucleotide cofactor 

NADH predominantly mediates cellular MTT reduction (Berridge & Tan, 1993; 

Berridge et al., 2005). 

Cell culture media were replaced with fresh media. MTT solution in PBS was added 

to the cell samples at a final concentration of 0.45 mg/ml. The cells were incubated 

for 3 h at 37 °C, 5 % CO2 until the formazan crystals were formed. The crystals 

were solubilized with 0.01 M HCl/10 % SDS (sodium dodecyl sulfate) mixture 

overnight at room temperature protected from light. The absorbance was measured 

spectrophotometrically at 570 nm with a reference wavelength of 650 nm.  

Comments 

Formazan itself can damage cell membranes and reduce cell viability (Lu et al., 

2012). 

PrestoBlue™ reduction (Paper II)  

PrestoBlue™ is a resazurin-based reagent used for cell viability assessment 

(Invitrogen, 2012; Lall et al., 2013). Resazurin is a water-soluble dye that is reduced 

by metabolically active cells to resorufin that can be measured fluorometrically with 

540-570/580-610 nm excitation/emission filters, and colorimetrically at 570 nm and 

a reference wavelength of 600 nm (Invitrogen, 2012).  
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PrestoBlue™ (Thermo Fisher Scientific, Uppsala, Sweden) was added 1:10 to the 

cells and incubated for 30 min at 37 °C, 5 % CO2. Fluorescence was measured in a 

fluorescent plate reader with 544/612 nm excitation/emission filters. 

Comments 

PrestoBlue™ reduction data is comparable to MTT reduction results (Invitrogen, 

2012; Boncler et al., 2014; Xu et al., 2015). Advantages of using PrestoBlue over 

MTT include that it is faster, easier to perform, generally non-toxic to the cells at the 

recommended conditions and sensitive enough to monitor a low number of cells 

(less than 100 cells/well) (Invitrogen 2012; Boncler et al., 2014). 

Mitochondrial membrane potential (∆Ym) analysis (Paper II, III, IV) 

TMRE (tetramethylrhodamine ethyl ester) assay is a fluorometric assay that 

measures mitochondrial membrane potential. TMRE is a positively charged red-

orange dye that permeates the cells and accumulates in the negatively charged active 

mitochondria. Depolarized mitochondria that have a less negative charge accumulate 

less TMRE (Perry et al., 2011).  

A positive control, the uncoupler of mitochondrial oxidative phosphorylation FCCP 

(5 µM) (carbonyl cyanide 4-[trifluoromethoxy]phenylhydrazone) was added to the 

cells for 10 min incubation at 37 °C, 5 % CO2 prior to the addition of TMRE. The 

medium was changed and 500 nM TMRE was added to the cells for 30-45 min 

incubation at 37 °C, 5 % CO2. The cells were washed once with Hanks’ balanced 

salt solution (HBSS) with CaCl2 and MgCl2/0.2 % bovine serum albumin and 

fluorescence was measured in a fluorescence plate reader with 544/590 nm 

excitation/emission filters.  

Reverse transcription PCR (Paper III) 

Total RNA was extracted from P19 cells and P19 neurons using RNeasy mini kit 

(QIAGEN, Sollentuna, Sweden) and from the mouse brain (cerebrum) using 

miRNeasy mini Kit (QIAGEN, Sollentuna, Sweden) according to the 
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manufacturer’s instructions. The RNA concentrations were measured in a NanoDrop 

Lite spectrophotometer (Thermo Fisher Scientific, Shanghai, P.R. China) at 260 nm. 

cDNA was synthesized using High Capacity cDNA Reverse Transcription kit 

(Applied Biosystems, Stockholm, Sweden). For the end-point PCR analyses, 

4 ng/reaction of the cDNA template was used.  

Primers sequences for SERT (127 bp) were 5´-TGCCTTTTATATCGCCTCCTAC-

3´ (forward) and 5´-CAGTTGCCAGTGTTCCAAGA-3´ (reverse). The PCR 

program for sequence amplification consisted of the initial denaturation step, 3 min 

at 94 °C, followed by 35 cycles each of 45 sec at 94 °C (denaturation), 45 sec at 

60 °C (annealing) and 60 sec at 72 °C (extension) and the final extension, 10 min at 

72 °C. PCR products were separated with agarose gel electrophoresis on 1.2 % 

agarose gel stained with GelRed (Biotium, Hayward, CA, USA). 

Real-time quantitative PCR (Paper III) 

mRNA extraction from P19 cells and P19 neurons was performed using Dynabeads® 

mRNA Direct kit (Ambion, Life Technologies AS, Oslo, Norway). The cells were 

washed with PBS, lysed with the kit lysis buffer and stored at -80 °C. mRNA was 

extracted according to the manufacturer’s instructions. mRNA (50 ng) was used to 

synthesize cDNA with High Capacity cDNA Reverse Transcription kit (Applied 

Biosystems, Stockholm, Sweden). Quantitative PCR (qPCR) reactions were run in 

EcoTM instrument and software (Illumina, Inc., San Diego, CA, USA). Each PCR 

sample contained cDNA (1.6 µl) and SYBR Green mix (KAPA SYBR®�FAST 

qPCR Master Mix) in a total volume of 20 µl. The samples were run in duplicates. 

The program for amplification was: 10 min at 95 °C (initial denaturation), followed 

by 45 cycles of 10 sec at 95 °C (denaturation), 30 sec at 60 °C (annealing) and 15 

sec at 72 °C (extension). For the product analyses, a melt curve was generated at the 

end of the PCR. Data were normalized to the mRNA expression of 60S ribosomal 

protein L19 (RPL19).  
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The primer sequences for SERT were 5´-GCTGATGATGTAAGGTCTTTCTCC-3´ 

(forward) and 5´-AGTCCAAGAGAGTTCATGGAAAG-3´ (reverse). The primer 

sequences for RPL19 were: 5´-TACTGCCAACGCTCGCAT-3´ (forward) and 5´-

AACACATTCCCTTTGACCTTCA-3´ (reverse). 

ELISA for serotonin transporter (Paper III) 

ELISA kit for serotonin transporter (SERT) (mus musculus) (USCN Life Science 

Inc., Hubei, P.R. China) was used for detection of the protein SERT in P19 cells and 

P19 neurons. The assay was performed according to the manufacturer’s instructions. 

Cell lysates were collected according to the following procedure. The cells were 

washed three times with ice-cold PBS, detached by scraping, collected, and 

centrifuged for 5 min, ~200 g, 4 °C. The pellets were diluted with 0.5 ml PBS, 

sonicated on ice, and centrifuged at 1500 g for 10 min at 4 °C. The supernatants 

were stored at -80 °C until use in the assay. The protein concentrations were 

determined with PierceÒ BCA protein assay kit (Thermo Scientific, Rockford, IL, 

USA). In the ELISA, standards, blanks and protein samples (2.5 mg/ml) were 

incubated for 2 h at 37 °C with SERT-specific antibodies directed towards the C-

terminal of the mouse SERT protein (the sequence from Arg461 to Val630) pre-

coated on the microtiter plate. The liquid was removed from the plate, and the 

samples were incubated for 1 h at 37 °C with the biotin-conjugated detection 

antibodies specific to SERT. The plate was washed three times with the washing 

buffer, and incubated for 30 min at 37 °C with avidin conjugated to horseradish 

peroxidase (HRP). The plate was washed five times with the washing buffer, and the 

TMB substrate solution was added for 22 min incubation at 37 °C. The stop solution 

was added, and the absorbance was measured at 450 nm. 

Western blot (paper III) 

Cell lysates for Western blot analysis were collected according to the following 

protocol. The cells were washed twice with PBS, dislodged by scraping, collected, 

and centrifuged for 5 min at ~200 g, 4 °C. The pellets were lysed with RIPA buffer 
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containing protease inhibitor cocktail III (1:200), agitated for 30 min at 4 °C, 

sonicated on ice, and centrifuged for 5 min at 14 000 g, 4 °C. The supernatants were 

stored at -80 °C. The protein concentrations were determined with PierceÒ BCA 

protein assay kit. The proteins (10 µg/sample) were separated by SDS-PAGE on 

Mini-PROTEANÒ TGXTM Precast gels (BIO-RAD Laboratories, Inc., USA), and 

transferred on PVDF membranes. Non-specific binding was blocked by incubating 

the membranes in 5 % dried milk in tris-buffered saline, 0.1 % Tween 20 buffer 

(TBST) for 1 h under agitation. Primary rabbit monoclonal anti-monoamine oxidase 

A antibodies [EPR7101] (ab126751) (Abcam, Cambridge, UK) diluted 1:1000 were 

applied to the membranes overnight at 4 °C. The membranes were washed five 

times, 6 min per wash, with TBST buffer, and incubated for 1 h with secondary 

HRP-conjugated polyclonal goat anti-rabbit antibodies diluted 1:2000 (Dako, 

Glostrup, Denmark). The membranes were washed five times, 6 min per wash. The 

proteins bound to the antibodies were detected with chemiluminiscence using 

ClarityTM Western ECL Substrate. The images were obtained with the Image 

LabTM Software (BIO-RAD Laboratories, Inc., USA). 

Uptake assay of [3H]-5-HT in P19 neurons (Paper III) 

The assay was a modification of the method described by Rudd et al., 2005. The 

cells were plated in 12-well plates at a density of 1000 cells/mm2 and differentiated 

for eight days in the serum-free medium. The plates were washed two times with 

warm (37 °C) uptake buffer (140 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 

5 mM D-glucose, 10 mM HEPES, pH 7.4). Uptake buffer containing 250 µM 

ascorbic acid, 10 µL pargyline and 0.1 % fatty acid free bovine serum albumin was 

added to the plates. The antioxidant ascorbic acid was used to prevent 

decomposition of [3H]-5-HT (Hamblin et al., 1987). The monoamine oxidase 

inhibitor pargyline was applied to prevent oxidative deamination of the serotonin 

taken up by the cells (Katz & Kimelberg, 1985). Bovine serum albumin (0.1 %) was 

used to reduce non-specific binding of [3H]-5-HT to plastic. The wells were 

incubated with test compounds or vehicle for 10 min at 37 °C. To start the reaction, 

100 nM [3H]-5-HT was added for 30 min incubation at 37 °C. To terminate the 
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uptake, the plates were placed on ice and washed twice with an ice-cold uptake 

buffer. The samples were solubilized by incubation in 0.2 M NaOH for 15 min at 

75 °C, and the aliquots were transferred to scintillation vials. The tritium content 

was determined by liquid scintillation spectroscopy with quench correction. Wells 

with medium alone were used to detect residual non-specific binding of [3H]-5-HT 

to the wells. 

Statistics 

All statistical analyses were performed using the computer software GraphPad 

Prism 5, 6 or 7 for the Macintosh (GraphPad Software Inc., San Diego, CA, USA). 

P-values of < 0.05 were considered statistically significant. 

In paper I, a two-tailed t-test was applied to identify differences in means between 

two data sets. In papers II, III and IV, one or two-way ANOVAs were undertaken 

and, upon significance, followed by Dunnett’s or Bonferroni’s post hoc tests. The 

one-way ANOVA (analysis of variance) is used to compare means of three or more 

samples. The two-way ANOVA examines effects of two different factors on a 

measured variable and an interaction effect of the factors. 
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Results 

Fluorescence-based microplate reader assay for detection of neurite 

outgrowth in P19 neurons immunostained against βIII-tubulin (paper I) 

Fluorescence of P19 neurons immunolabelled against the cytoskeletal neuron-

specific protein βIII-tubulin was measured in a fluorescence microplate reader. The 

data was compared to the results of a semiautomatic neurite tracing in the 

fluorescence microscopy images of the cells that measured neurite length per image. 

On differentiation days 2-10, the time-dependent increase in fluorescence of anti-

βIII-tubulin antibodies corresponded well to the increase in the total neurite length 

per image (Fig. 1). The increase in the βIII-tubulin fluorescence was not due to cell 

proliferation (paper I, Fig. 1E), and it primarily came from the neurites. Since the 

βIII-tubulin microplate reader assay is fast compared to the neurite tracing method, 

it is suitable for detection of neurite outgrowth in high-throughput neurotoxicity 

testing of chemicals.  

The βIII-tubulin microplate reader assay was evaluated for testing of chemical-

induced effects on neurite outgrowth. The assay was compared to the fluorescence-

based calcein-AM cell viability assay (Fig. 2). The βIII-tubulin assay was more 

sensitive than the calcein-AM assay to detect toxicity of the compounds toxic to 

neurites: nocodazole, methylmercury and okadaic acid (Solomon, 1980; Castoldi et 

al., 2001; Chiou & Westhead, 1992). For nocodazole (1 nM), methylmercury 

(50 nM) and okadaic acid (1 nM), fluorescence of βIII-tubulin vs. calcein expressed 

as percentage of untreated cells was 86 % (± 1.7) vs. 106 % (± 2.1); 83 % (± 6.2) vs. 

107 % (± 5.8) and 59 % (± 6.6) vs. 86 % (± 6.5), respectively (Fig. 2A, B & C). 

However, for dimethyl sulfoxide and glutamate, there were no significant 

differences in the observed readouts between the two assays (Fig. 2D & E). For 

clomipramine (30 µM), calcein fluorescence decreased to 19 % (± 3.0) of untreated 

cells compared to βIII-tubulin fluorescence that was 62 % (± 14) of untreated cells 

(Fig. 2F).  
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Fig 1. Assessment of time-dependent neurite outgrowth in P19 neurons 
immunostained against βIII-tubulin. P19 cells were neuronally differentiated for 2-10 
days in the serum-free media. White circles show relative fluorescence units (RFU) (left 
y-axis) of anti-βIII-tubulin antibodies measured in a fluorescence microplate reader. 
Black circles show arbitrary units (AU) (right y-axis) of semiautomatic neurite tracing in 
fluorescence microscopy images using the ImageJ software with the NeuronJ plug-in. 
Data are means ± s.e.m. of 3-4 independent experiments.  

 

 
Fig. 2. Concentration-dependent effects of nocodazole, methylmercury, okadaic 
acid, DMSO, glutamate and clomipramine on fluorescence of anti-βIII-tubulin 
antibodies and calcein in P19 neurons. The cells were exposed to the test 
compounds on day 6 in the serum-free media for 48 h (24 h for nocodazole). The cells 
were immunostained against βIII-tubulin or treated with calcein-AM. Fluorescence of 
anti-βIII-tubulin antibodies (white circles) and calcein (black diamonds) was measured in 
a fluorescence microplate reader. Data are means ± s.e.m. of 3-5 independent 
experiments, and expressed as percentage of untreated cells. Statistical analysis was 
performed using two-tailed t-test: *p < 0.05, **p < 0.01 and ***p < 0.001 (comparisons 
between fluorescence values of anti-βIII-tubulin antibodies and calcein at each 
concentration). 
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The LDH assay was also used in the study as a readout of cell damage. Exposure of 

P19 neurons to 100 µM glutamate and 10 µM clomipramine on day 6 in the serum-

free media for 48 h resulted in small but significant toxic effects that were 11 % 

(± 1.5) and 15 % (± 0.5) of total cell death, respectively (paper I, Fig. 3). LDH 

leakage might reflect effects of these chemicals on cell bodies rather than on neurite 

outgrowth that the βIII-tubulin microplate reader assay primarily measures. 

The data suggest that the βIII-tubulin microplate reader assay is useful for detection 

of chemical-induced changes in neurite outgrowth and might be used in addition to 

other methods for toxicological assessment of chemicals.  

Neurons derived from mouse P19, rat PC12 and human SH-SY5Y cells 

in neurotoxicity assessment of methylmercury, okadaic acid and 

acrylamide (paper II) 

P19 neurons, retinoic acid-differentiated SH-SY5Y cells and NGF-stimulated PC12 

cells were compared for detection of toxic effects of methylmercury (MeHg), 

okadaic acid and acrylamide. The cells were exposed to the compounds on day 6 in 

the differentiation medium for 48 h. In P19 neurons, 0.5 µM MeHg, 10 nM okadaic 

acid and 1000 µM acrylamide significantly decreased calcein fluorescence to 77 % 

(± 9.8), 75 % (± 6.5) and 87 % (± 3.1) of control cells, respectively (means ± s.e.m.) 

(Fig. 3). MeHg and okadaic acid-treated cells were compared to DMSO vehicle-

treated cells. The final concentration of DMSO in the samples was 0.1 %. Cells 

exposed to acrylamide were compared to untreated cells. In SH-SY5Y cells, only 

MeHg (1 µM) reduced calcein fluorescence to 76 % (± 11) of control, and in PC12 

cells, none of the tested compounds significantly decreased calcein fluorescence 

(Fig. 3).  

In P19 neurons and differentiated SH-SY5Y cells, the involvement of glutathione 

(GSH) in MeHg toxicity was examined using PrestoBlue as readout. In both cell 

models, extracellular GSH protected against MeHg toxicity (Fig. 4). 
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Fig. 3. Concentration-dependent effects of methylmercury, okadaic acid and 
acrylamide on calcein fluorescence in differentiated P19, PC12 and SH-SY5Y 
cells. The cells were exposed to (A) methylmercury, (B) okadaic acid and (C) 
acrylamide for 48 h on day 6 in the differentiation media. The data are means ± s.e.m. 
of n = 4-6, and expressed as percentage of 0.1 % DMSO vehicle-treated cells, or 
untreated cells for acrylamide. Statistical analyses were performed using repeated 
measures one-way ANOVA with post hoc Dunnett’s multiple comparisons test for each 
compound and cell line compared to respective controls (*p < 0.05, ***p < 0.001, ****p < 
0.0001).  

In P19 neurons, PrestoBlue reduction upon exposure to 1 µM MeHg was 35 % 

(± 2.4) and, in combination with 1 mM GSH, 65 % (± 7.1) of untreated controls 

(means ± s.e.m.) (Fig. 4). Buthionine sulfoximine (BSO) (100 µM), a potent 

inhibitor of GSH synthesis, combined with 1 µM MeHg decreased cellular redox 

potential to 17 % (± 1.9) of untreated controls.  

In differentiated SH-SY5Y cells, exposure to 1 µM MeHg decreased cellular redox 

potential to 47 % (± 8.0) of untreated controls. Upon exposure to both MeHg and 

GSH, PrestoBlue reduction was 103 % (± 5.6) of untreated controls. BSO (100 µM) 

together with 1 µM MeHg decreased cellular redox potential to 22 % (± 6.8) of 

untreated cells (Fig. 4). 

The effects of MeHg (1 µM) alone and in combination with GSH (1 mM) or BSO 

(100 µM) on mitochondrial membrane potential (∆Ym) were examined in P19 

neurons and retinoic acid-differentiated SH-SY5Y cells (Fig. 5). In P19 neurons, 

exposure to MeHg, MeHg+GSH and MeHg+BSO, reduced ∆Ym to 59 % (± 2.5), 

86 % (± 4.8) and 45 % (± 2.1) of untreated cells, respectively (means ± s.e.m.) 

(Fig. 5). In differentiated SH-SY5Y cells, MeHg, MeHg+GSH and MeHg+BSO 

exposure reduced ∆Ym to 60 % (± 4.2), 89 % (± 7.8) and 58 % (± 4.7) of untreated 

cells, respectively (Fig. 5).  
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Fig. 4. Effects of MeHg, GSH and BSO on PrestoBlue reduction in neurons 
derived from P19 and SH-SY5Y cells. The cells were pretreated with 100 µM BSO for 
17 h or with 1 mM GSH for 1 h and then exposed to 1 µM MeHg for 24 h on day 6 of 
differentiation. Cell viability was assessed with PrestoBlue assay. Data are means ± 
s.e.m. of n = 6, and expressed as percentage of untreated cells. One-way ANOVAs 
were performed with post hoc Bonferroni’s multiple comparisons test (****p < 0.0001 for 
MeHg vs. 0.1 % DMSO vehicle-treated cells, and for MeHg vs. MeHg+GSH for both cell 
types; *p < 0.05 for MeHg vs. MeHg+BSO for P19 neurons; **p < 0.01 for MeHg vs. 
MeHg+BSO for retinoic acid-differentiated SH-SY5Y cells). 

 

 

Fig. 5. Effects of MeHg, GSH and BSO on TMRE fluorescence in neurons derived 
from P19 and SH-SY5Y cells. The cells were treated with 100 µM BSO for 17 h or with 
1 mM GSH for 1 h and then exposed to 1 µM MeHg for 24 h on day 6 in the 
differentiation media. Mitochondrial membrane potential was measured with TMRE 
assay. Data are means ± s.e.m. of n = 6, and expressed as percentage of untreated 
cells. One-way ANOVAs with post hoc Bonferroni’s multiple comparisons test showed 
for P19 neurons: ****p < 0.001 for MeHg vs. 0.1 % DMSO vehicle-treated cells, **p < 
0.01 for GSH vs. vehicle-treated cells, *p < 0.05 for MeHg vs. MeHg+GSH-treated cells; 
for SH-SY5Y cells: ***p < 0.001 for MeHg vs. vehicle-treated cells, *p < 0.05 for GSH 
vs. vehicle-treated cells and for MeHg vs. MeHg+GSH-treated cells. 
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P19 neurons were the most sensitive of the three cell models to detect toxicity of 

methylmercury, okadaic acid and acrylamide under the examined conditions. For the 

detection of mechanisms of toxicity of MeHg, P19 neurons were at least as sensitive 

as differentiated SH-SY5Y cells. In both cell models, MeHg decreased cellular 

redox potential and mitochondrial membrane potential, and MeHg toxicity was 

attenuated by GSH. In conclusion, P19 neurons might be used for neurotoxicity 

assessment of chemicals in conjunction with other in vitro cellular models.  

Neurotoxicity of MDMA in P19 neurons (paper III) and differentiated 

SH-SY5Y cells 

MDMA produced time-, concentration- and temperature-dependent toxicity in P19 

neurons treated on day 7 in the serum-free media as assessed using MTT reduction 

assay (Fig. 6). Upon exposure to 1 mM MDMA for 24, 48 and 72 h, MTT reduction 

was 76 % (± 6.3), 54 % (± 11.6) and 40 % (± 4.1) of untreated cells, respectively 

(means ± s.e.m.). After 24 h of exposure to 1 mM MDMA at 40 and 42 °C, MTT 

reduction was 67 % (± 3.7) and 5 % (± 1.8) of untreated cells, respectively (Fig. 6). 

 
Fig. 6. Time-, concentration- and temperature-dependent effects of MDMA on MTT 
reduction in P19 neurons. The cells were exposed to MDMA on day 7 in the serum-
free media for 24, 48 and 72 h at the temperatures 37, 40 and 42 °C. Cell viability was 
assessed with MTT reduction assay. Data are means ± s.e.m. of n = 4-5, and 
expressed as percentage of untreated cells. One-way ANOVAs were performed with 
post hoc Dunnett’s multiple comparisons test compared to the corresponding controls 
(*p < 0.05, †p < 0.01, ‡p < 0.001). 
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The involvement of the proteins SERT and MAO in the toxicity of MDMA was 

examined. If MDMA produced its neurotoxic effects secondary to blockade of MAO 

and/or SERT (see Introduction), then it would be expected that compounds 

inhibiting these targets would produce similar neurotoxic effects in the cells. 

However, the MAO-A inhibitor clorgyline, the MAO-B inhibitor deprenyl and the 

SERT inhibitor fluoxetine did not per se or in combination mimic the toxic effects 

of MDMA assessed with MTT reduction assay (paper III, Table 1). 

Among other potential causes of MDMA toxicity in P19 neurons, oxidative stress 

and changes in the mitochondrial membrane potential were investigated. Oxidative 

stress was probably not the primary cause of the MDMA toxicity since the 

antioxidants N-acetyl-L-cysteine and α-tocopherol did not reduce toxic effects of 

MDMA in P19 neurons (paper III, Fig. 4). MDMA did not affect the mitochondrial 

membrane potential in the cells (paper III, Fig. 5). 

In contrast to the robust effects upon P19 neurons, MDMA did not affect the cell 

viability of retinoic acid-differentiated SH-SY5Y cells under the conditions 

examined and with MTT as the readout (Fig. 7). 

 

Fig. 7. Time- and concentration-dependent effects of MDMA on MTT reduction in 
retinoic acid-differentiated SH-SY5Y cells. The cells were exposed to MDMA for 24, 
48 and 72 h at 37 °C, 5 % CO2 on day 3 in the differentiation medium. Cell viability was 
assessed with MTT reduction assay. The data are means ± s.e.m. of n = 3. One-way 
ANOVAs showed no significant differences between the effects of different 
concentrations of MDMA on MTT reduction. 
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Toxicity of piperazine derivatives in P19 neurons, retinoic acid-

differentiated SH-SY5Y cells and human epithelial colorectal 

adenocarcinoma Caco-2 cells (paper IV) 

The piperazine derivatives BZP, TFMPP, MeOPP and pFPP were assessed for 

cytotoxicity in P19 neurons and retinoic acid-differentiated SH-SY5Y cells, and 

compared to MDMA “ecstasy”. BZP and TFMPP were additionaly tested in human 

epithelial colorectal adenocarcinoma Caco-2 cells. The cells were exposed to the 

compounds for 24 h at the concentrations up to 1 mM. In P19 neurons, each of the 

examined piperazine derivatives decreased cell viability in at least one of the assays 

used (calcein-AM, LDH release or MTT reduction). In differentiated SH-SY5Y 

cells, only TFMPP reduced cell viability. In Caco-2 cells, both BZP and TFMPP 

were cytotoxic. TFMPP was the most toxic among the tested compounds.  

MDMA, however, did not affect cell viability in P19 neurons in this study that was 

different from the results in paper II. In the present study, MTT reduction, upon 

exposure to 1000 µM MDMA for 24 h on day 7 in the serum-free media, was 77 % 

(± 7.7) of untreated cells vs. 97 % (± 3.6) in the untreated controls (means ± s.e.m, 

n = 5). At the same conditions in paper II, MTT reduction in MDMA-treated vs. 

untreated cells was 66 % (± 4.6) vs. 98 % (± 2.7), p < 0.01 (paper II, Table 1), and 

76 % (± 6.3) vs. 100 % (± 3.9), p < 0.05 (paper II, Fig. 2), respectively (means ± 

s.e.m, n = 4 for each set of experiments). The lack of a significant effect of MDMA 

on MTT reduction in P19 neurons in the present study might be due to the large 

standard error of the mean in MDMA-treated and untreated cell samples. The 

experimental procedure of medium changing before addition of MTT to the cells 

affects variability between the samples. P19 neurons that are not strongly attached to 

the wells migh be rinsed off the wells if the media is changed fast enough. For some 

of the experiments, it migh be the case, that could explain the large variability 

between the samples, and therefore the non-significant effect of MDMA in the 

present study.  
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In P19 neurons exposed to 1000 µM MeOPP, 500 µM pFPP and 500 µM TFMPP, 

MTT reduction was 63 % (± 8.1), 68 % (± 3.3) and 2.2 % (± 0.9) of untreated cells, 

respectively (Fig. 8). BZP did not significantly affect MTT reduction, but decreased 

cell viability in the calcein-AM and the LDH assays (paper IV, Fig.1). In 

differentiated SH-SY5Y cells, MTT reduction upon exposure to 500 µM TFMPP 

was 3.0 % (± 1.8) of untreated controls. In Caco-2 cells treated with 500 µM BZP 

and TFMPP, MTT reduction was 83 % (± 4.9) and 4.4 % (± 1.3) of untreated cells, 

respectively (Fig. 8).  

In P19 neurons, only TFMPP among the examined piperazine derivatives, decreased 

the mitochondrial membrane potential (∆Ym). TFMPP reduced the ∆Ym before 

changes in the extracellular LDH levels were observed (Fig. 9). After 0.5, 2 and 6 h 

of exposure to 500 µM TFMPP, ∆Ym was 28 % (± 2.6), 27 % (± 0.6) and 29 % (± 

6.1) of the vehicle-treated cells, respectively. LDH release for the same time points 

was 5.8 % (± 0.6), 25 % (± 2.2) and 40 % (± 2.3) of total cell death (cell treated with 

2 % Triton X-100) (Fig. 9). 
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Fig. 8. Effects of MDMA and piperazine derivatives on MTT reduction in P19 neurons, 
retinoic acid-differentiated SH-SY5Y cells and Caco-2 cells. The cells were exposed to 
the test compounds for 24 h. P19 and SH-SY5Y cells were treated on days 7 and 3 in the 
differentiation media, respectively. The data are means ± s.e.m. of n = 5 for P19, n = 4 for 
SH-SY5Y and n = 6 for Caco-2 cells. The data are expressed as percentage of untreated 
cells. One-way ANOVAs were undertaken with post hoc Bonferroni’s multiple comparisons 
test for the treated cells vs. untreated controls, and for TFMPP vs. 0.5 % DMSO vehicle-
treated cells (*p < 0.05, **p < 0.01, ****p < 0.0001).  
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Fig. 9. Time-dependent effects of TFMPP on TMRE fluorescence and LDH release 
in P19 neurons. The cells were exposed to 500 µM TFMPP or 0.5 % DMSO vehicle on 
day 7 in the serum-free media for 0.5, 2 and 6 h. (A) Mitochondrial membrane potential 
was assessed with TMRE assay. (B) Cell membrane integrity was measured with LDH 
assay. For TMRE assay, the data are expressed as percentage of vehicle-treated cells. 
For LDH assay, the data are expressed are percentage of total cell death (cells lysed 
with 2 % Triton X-100). Data are means ± s.e.m. of n = 3. Two-way ANOVAs showed 
significant effects of treatment for both assays (p < 0.0001). For LDH assay, significant 
effects of time and the interaction term time x treatment (p < 0.0001) were detected. 
Post hoc Bonferroni’s multiple comparisons test was performed for TFMPP-treated vs. 
corresponding vehicle-treated cells (****p < 0.0001). 
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Discussion 

Overall comments 

The studies in this thesis provide novel information about neurons derived from 

mouse embryonal carcinoma P19 cells as a model for neurotoxicity assessment of 

chemicals. The cell model detected toxicity of different chemicals known to be 

neurotoxic including MeHg, acrylamide, okadaic acid, MDMA and the piperazine-

derived designer drugs. For some of the compounds, P19 neurons were compared to 

other commonly used cell models for neurotoxicity studies: retinoic acid-

differentiated human SH-SY5Y cells and NGF-stimulated rat PC12 cells. In general, 

the chemicals at the examined conditions were more often toxic to P19 neurons than 

to the two other cell models. Mechanisms of toxicity for some of the chemicals were 

investigated in P19 neurons. MeHg and the piperazine derivative TFMPP produced 

loss of mitochondrial membrane potential in P19 neurons, the effect also observed in 

other cell types such as the hippocampal neuronal cell line HT22 for MeHg, and the 

rat cardiac cell line H9c2 for TFMPP (Tofighi et al., 2011; Arbo et al., 2014). 

MDMA was toxic to P19 neurons, although this toxicity was not mediated by SERT 

and MAO, in contrast to the situation in rat brain (Fitzgerald & Reid, 1990; 

Leonardi & Azmitia, 1994). 

Chemical-induced effects on neurite outgrowth, an important parameter in 

neurotoxicity testing, were detected in P19 neurons by measuring fluorescence of 

the cells immunostained against the neuron-specific cytoskeletal protein βIII-

tubulin. The method was fast with a reasonable capacity, and therefore could be 

applied for screening of chemicals for neurotoxicity in addition to other methods. 

The findings presented here, showed that P19 neurons is a useful in vitro cellular 

model for screening of chemicals for potential neurotoxicity as well as for studies on 

mechanisms of toxicity. The model, of course, has its limitations. It is of mouse 

origin, and chemical-induced toxicity might differ between species. For example, 

MDMA destroys serotonin nerve terminals in rat brain (Battaglia et al., 1987), while 

in mouse brain, it produces dopaminergic and/or serotonergic toxicity depending on 
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the mouse strain and the investigated brain region (O'Callaghan & Miller, 1994; 

Zhang et al., 2006). In P19 neurons, the non-serotonergic nature of MDMA toxicity 

may thus partly depend on the mouse origin of the model. The other disadvantage of 

in vitro cellular models in general is that the models lack the complexity that animal 

models provide, and therefore it is difficult to extrapolate results to animals and 

humans. On the other hand, in vitro cellular models, due to their simplicity, are 

useful for toxicity screening of chemicals for prioritizing them for further 

toxicological evaluations in vivo.  

Assessment of chemical-induced effects on neurite outgrowth in cells 

immunostained against βIII-tubulin  

Neurite outgrowth is an important parameter in neurotoxicity assessment of 

chemicals (Radio & Mundy, 2008) since some compounds might disrupt neuronal 

development and cause cognitive impairments (Grandjean et al., 1997; Jaako-

Movits et al., 2005). Automatic measurements of neurite outgrowth require 

expensive equipment and special software that limits the usage of the technique. On 

the other hand, semiautomatic neurite tracing in microscope images of cells using 

the free computer software ImageJ with the NeuronJ plug-in takes hours to perform. 

In paper I, we used rather inexpensive laboratory equipment, a fluorescence 

microplate reader for assessment of neurite outgrowth. P19 neurons were 

immunostained against the protein βIII-tubulin at days 2-10 of neuronal 

differentiation and fluorescence of the samples was detected in a fluorescence 

microplate reader. The data corresponded well to the data observed with the 

semiautomatic tracing of neurites. The fluorescence microplate reader method is fast 

and therefore suitable for high-throughput screening of chemicals for potential toxic 

effects on neurite outgrowth.  

The disadvantage of the βIII-tubulin fluorescence microplate reader method 

compared to neurite tracing methods is that the measured fluorescence comes from 

both cell bodies and neurites. In the neurite tracing methods, cell bodies are 

excluded from calculations and only neurites are measured. The microplate reader 
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data is therefore somewhat less accurate, but as we showed in paper I, fully 

applicable for the measurements of neurite outgrowth in P19 neurons. In P19 

neurons that are postmitotic, have small cell bodies and an extensive neurite 

network, the βIII-tubulin fluorescence mainly comes from the neurite extensions. 

In retinoic acid-treated SH-SY5Y cells, neurite outgrowth was assessed with the 

βIII-tubulin microplate reader assay in paper II. The cells continued to proliferate 

during the differentiation process, and therefore, the assay was less accurate for 

detection of neurite development in this model compared to P19 neurons. In SH-

SY5Y cells, the fluorescence of anti-βIII-tubulin antibodies increased partly due to 

an increased number of cells as the differentiation process proceeded. NGF-

stimulated PC12 cells were also investigated in paper II. However, less number of 

the cells generated neurites compared to the differentiated P19 and SH-SY5Y cells, 

and the βIII-tubulin fluorescence was mainly generated from the cells bodies. 

Therefore, the βIII-tubulin fluorescence reader method was less accurate in NGF-

treated PC12 cells for detecting changes in neurite outgrowth than in P19 neurons. 

Thus, it can be concluded that the βIII-tubulin fluorescence microplate reader 

method is useful for postmitotic cells that have an extensive neuronal network such 

as P19 neurons.  

In P19 neurons, the βIII-tubulin fluorescence microplate reader assay detected 

toxicity of the chemicals toxic to neurites (nocodazole, MeHg and okadaic acid) at 

lower concentrations than the calcein-AM assay (Solomon, 1980; Castoldi et al., 

2001; Chiou & Westhead., 1992). The βIII-tubulin fluorescence microplate reader 

assay was, however, less sensitive to detect cytotoxicity of clomipramine and 

glutamate compared to the LDH assay. The latter assay might reflect toxicity of 

these chemicals to the cell bodies rather than changes in neurite outgrowth. In 

consequence, the βIII-tubulin microplate reader is a useful method for measuring 

chemical-induced effects on neurite outgrowth, but it should be used together with 

other assays for neurotoxicity assessment.  
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Neurotoxicity assessment of MeHg, okadaic acid and acrylamide in 

neurons derived from mouse P19, human SH-SY5Y and rat PC12 cells 

As described in the Introduction, several in vitro cellular models have been used for 

toxicological evaluations of chemical. It is important to have various cellular models 

for neurotoxicity studies since the response to chemicals differs between different 

cell types (Wilson et al., 2014). In paper II, we compared neurons derived from P19, 

SH-SY5Y and PC12 cells for the detection of toxicity of the known neurotoxic 

compounds: MeHg, okadaic acid and acrylamide (Fujimura et al., 2016; Das & 

Miller, 2012; Attoff et al., 2016). In P19 neurons, all three compounds were 

cytotoxic at the examined conditions, while in differentiated SH-SY5Y and PC12 

cells, one and none of the chemicals decreased cell viability, respectively. MeHg 

produced toxicity in both P19 neurons and differentiated SH-SY5Y cells that was 

attenuated by the antioxidant GSH. Protective effects of GSH on MeHg toxicity had 

been observed in neuronal cell cultures such as human fetal neurons, astrocytes and 

SH-SY5Y cells (Sanfeliu et al., 2001). In our study, MeHg also induced loss of 

mitochondrial membrane potential in P19 neurons and differentiated SH-SY5Y cells 

that is a known mechanism of MeHg toxicity (Tofighi et al., 2011). In conclusion, 

P19 neurons were a most sensitive model compared to differentiated PC12 and SH-

SY5Y cells to detect toxicity of MeHg, okadaic acid and acrylamide at the examined 

conditions. The model was at least as sensitive as retinoic acid-differentiated SH-

SY5Y cells for detection of the mechanisms of MeHg toxicity. 

Toxicity of drugs of abuse in P19 neurons and retinoic acid-

differentiated SH-SY5Y cells 

Substance abuse for recreational purposes is a growing problem especially among 

young adults in the global society. The availability of novel psychoactive substances 

with unknown toxic effects is increasing, putting the consumers at risk of getting 

harmed (Zawilska, 2015). It is important to test recreational substances for 

neurotoxic effects and to inform society about them. Cellular models provide 

opportunity to rapidly assess chemicals for toxic effects, but also to investigate 
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mechanisms of toxicity on the cellular level. In paper III, we investigated 

mechanisms of toxicity of the well-known drug of abuse MDMA “ecstasy” in P19 

neurons. Since MDMA toxicity is species-dependent (Logan et al., 1988) and very 

few studies have been performed on neuronal cell models from mice (Meamar et al., 

2010; Meamar et al., 2012) our study adds valuable information on this topic. 

MDMA produced time-, concentration- and temperature-dependent toxicity in P19 

neurons. The toxicity did not involve inhibition of the proteins SERT and MAO that 

are known targets of MDMA (Fitzgerald & Reid, 1990; Leonardi & Azmitia, 1994). 

Other mechanisms of MDMA toxicity such as oxidative stress and mitochondrial 

dysfunction (Colado et al., 1997; Capela et al., 2013) were not detected in P19 

neurons. The mechanistic data in our study was mostly negative, but still valuable 

since it ruled out some of the possible mechanisms of MDMA toxicity in P19 

neurons.  

In paper IV, the piperazine-derived designer drugs BZP, TFMPP, MeOPP and pFPP 

were assessed for toxicity in P19 neurons and retinoic acid-differentiated SH-SY5Y 

cells. In P19 neurons, all tested compounds decreased cell viability at the examined 

conditions, but in differentiated SH-SY5Y cells, only TFMPP showed effects upon 

this parameter. Additionally, we investigated the toxicity of BZP and TFMPP in 

human epithelial colorectal adenocarcinoma Caco-2 cells to examine their effects in 

a non-neuronal cell line. Both compounds were toxic in Caco-2 cells. TFMPP was 

the most toxic compound among the tested piperazine derivatives that was also the 

case in the rat cardiomyoblast H9c2 cells (Arbo et al., 2014) and retinoic acid-

differentiated SH-SY5Y cells (Arbo et al., 2016). In P19 neurons, TFMPP caused 

loss of mitochondrial membrane potential (∆Ym), while BZP, MeOPP and pFPP did 

not affects ∆Ym. Effects of the piperazine designer drugs on ∆Ym differ between 

different cell types. For example, TFMPP decreased ∆Ym in a rat cardiac cell line 

(Arbo et al., 2014) and in rat primary hepatocytes (Dias da Silva et al., 2017), but in 

retinoic acid-differentiated SH-SY5Y cells, it hyperpolarized mitochondria (Arbo et 

al., 2016). Our study showed that P19 neurons detected cytotoxicity of the examined 
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piperazine-derived designer drugs, and identified one of the mechanisms of TFMPP 

toxicity that was loss of mitochondrial membrane potential.  

In conclusion, P19 neurons is a robust and simple model for assessment of 

chemical-induced neurotoxicity. It might be used in conjunction to other cellular 

models for prioritizing chemicals for further toxicological evaluations in vivo.  

Future perspectives 

The present studies lay the groundwork for future research. Possible avenues to 

explore include: 

•   To assess other types of known neurotoxic chemicals for toxicity in P19 

neurons to validate further the model for neurotoxicity testing.  

 

•   To compare chemical-induced toxicity in mouse P19 neurons to human 

neuronal cell models, for example human induced pluripotent cells 

reprogrammed to neuronal cells. 

 

•   To investigate chemical-induced biochemical perturbations leading to 

neurotoxicity in cells. These include, but are not limited to, modulations of 

intracellular Ca2+ levels, formation of reactive oxygen and nitrogen species, 

GSH/GSGG ratio and DNA damage. 

 

•   To examine which forms of cell death are induced by chemicals i.e. 

apoptosis and/or necrosis. 
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Conclusions 

•   Fluorescence measurement of P19 neurons immunostained against the protein 

βIII-tubulin in a fluorescence microplate reader is a useful method to assess 

chemical-induced changes on neurite outgrowth. 

 

•   P19 neurons are more sensitive to detect cytotoxicity of MeHg, okadaic acid 

and acrylamide than retinoic acid-differentiated SH-SY5Y cells and NGF-

treated PC12 cells. P19 neurons are at least as sensitive as differentiated SH-

SY5Y cells to detect the protective effects of extracellular GSH on MeHg 

toxicity and the loss of mitochondrial membrane potential produced by MeHg. 

 

•   MDMA produces time-, concentration- and temperature-dependent toxicity in 

P19 neurons. The mechanisms of MDMA toxicity do not involve inhibition of 

the proteins SERT and MAO, oxidative stress or loss of mitochondrial 

membrane potential.  

 

•   The piperazine-derived designer drugs BZP, TFMPP, MeOPP and pFPP are 

toxic to P19 neurons. The most cytotoxic compound among these is TFMPP 

and its mechanism of action in P19 neurons includes loss of mitochondrial 

membrane potential.  
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