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A B S T R A C T

Biomedical and (neuro) toxicity research on (neuro) degenerative diseases still relies strongly on animal models.
However, the use of laboratory animals is often undesirable for both ethical and technical reasons. Current in
vitro research thus largely relies on tumor derived- or immortalized cell lines. Notably, the suitability of cell lines
for studying neurodegeneration is determined by their intrinsic properties. We therefore characterized PC12, SH-
SY5Y, MES23.5 and N27 cells with respect to the presence of functional membrane ion channels and receptors as
well as for the effects of five known neurotoxic pesticides on cytotoxicity, oxidative stress and parameters of
intracellular calcium homeostasis using a combined alamar Blue/CFDA assay, a H2DCFDA assay and single cell
fluorescent (Fura-2) calcium imaging, respectively. Although all pesticides demonstrated a certain level of
functional neurotoxicity in the different cell lines, our results also demonstrate considerable differences in in-
trinsic properties and pesticide-induced effects between the cell lines.

This clearly indicates that care should be taken when interpreting (neuro)toxicity data as the chosen cell
model may greatly influence the outcome.

1. Introduction

Current (neuro) toxicity and biomedical research on human (de-
generative) diseases of the nervous system relies strongly on animal
models, mainly rodents. According to the 2010 EU report on the annual
laboratory animal use (SEC2010/1107) biomedical- and toxicological
research involved nearly 2.5 million animals. These animal experiments
are not only ethically debated but also expensive, time-consuming and
unsuitable for high-throughput testing. In vitro approaches, in contrast,
provide a relatively fast and cheap way of testing chemicals for their
(neuro) toxic properties without the need for the extensive use of la-
boratory animals (Westerink, 2013).

Available in vitro techniques to study pathways of neurotoxicity and
neurodegeneration rely mainly on chemical-induced effects in a wide
array of (often tumor-derived, rodent or human) cell lines or plur-
ipotent (embryonic, rodent or human) stem cells. Although stem cells
provide the unique opportunity to study (developmental) neurotoxicity
in a complex network, homogeneous cell lines allow for in-detail,
single-cell studies dissecting (human relevant) molecular pathways.
Therefore, toxicological research on potential neurotoxic properties of
compounds could focus on in vitro strategies using one or more cell lines
from the wide array of cell lines available.

Various cell models are reported to have dopaminergic properties
and should thus be suitable for in vitro studies on dopaminergic neu-
rotoxicity, which could aid in studying for example Parkinson's Disease
(PD). However, the suitability of a cell model for answering a particular
research question relies largely on its intrinsic (functional) properties.
Hence, it is striking that many cell lines are poorly characterized with
respect to intrinsic properties, including the presence of important
membrane receptors and ion channels.

As neurotoxicity of a compound is often determined by the presence
of a particular transporter (e.g. dopaminergic toxicity of MPP+ via
uptake by dopamine membrane transporters (DAT)) or membrane re-
ceptor (e.g. excitotoxicity by activation of glutamatergic neuro-
transmitter receptors), the use of an inappropriate model may lead to an
erroneous estimation of (neuro) toxicity. We therefore chose to char-
acterize four catecholaminergic cell lines (rat PC12, human SH-SY5Y,
mouse/rat hybrid MES23.5 and rat N27 cells) with respect to functional
properties.

Rat pheochromocytoma cells (PC12; (Greene and Tischler, 1976)
provide a widely used model in neurotoxicology that has been ex-
tensively characterized for neurosecretion and the presence of ion
channels and neurotransmitter receptors (Shafer and Atchison, 1991;
Westerink and Ewing, 2008). Although these cells originate from an
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(non-neuronal) adrenal tumor, they display several characteristics of
mature dopaminergic neurons (Table 1). This renders the PC12 cell a
suitable model for the study of catecholaminergic neurotoxicity in vitro
(Heusinkveld et al., 2016; Meijer et al., 2014).

The SH-SY5Y cell line (Biedler et al., 1973) is a catecholaminergic
neuroblastoma cell line from human origin, widely used to study neu-
rotoxicity in vitro (Faria et al., 2016; Sala et al., 2016). SH-SY5Y cells
synthesize and release noradrenaline (Table 1) through vesicular re-
lease (i.e., exocytosis) (Vaughan et al., 1995; Zhao et al., 2012). The
hybridMES23.5 cell line is a product of somatic fusion of rat embryonic
mesencephalon cells and the murine N18TG2 neuroblastoma-glioma
cell line (Crawford et al., 1992). The resulting hybrid cell line displays
many characteristics of mesencephalic dopaminergic neurons (Table 1).
The N27 cell line is an immortalized cell line derived from TH-positive
fetal rat mesencephalic neurons (Prasad et al., 1994); Table 1). These
cells are increasingly used to study in vitro (parkinsonian) dopaminergic
neurodegeneration (see e.g. Song et al., 2011; Xu et al., 2016).

As pesticides are implicated in in vivo and in vitro neurotoxicity, a re-
ference set of five pesticides was composed consisting of rotenone, lindane,
dieldrin, imazalil and dinoseb. These pesticides all display, to a certain
extent, dopaminergic neurotoxicity albeit with a different mechanism of
action. Rotenone is a well-known model compound for inducing PD via
mitochondrial uncoupling (complex I) in vivo and is therefore extensively
used to study dopaminergic neurodegeneration, both in vivo and in vitro (see
e.g. Dawson and Dawson, 2003; Greenamyre et al., 2010). The dini-
trophenolic herbicide dinoseb is also a mitochondrial uncoupler (complex
III; Palmeira et al., 1994), that has recently also been linked to Ca2+-
mediated activation of pathways implicated in dopaminergic neurodegen-
eration in vitro (Heusinkveld et al., 2016).

The organochlorine insecticides lindane and dieldrin are classical
neurotoxicants in vitro as well as in vivo and are implicated in the
etiology of PD (Corrigan et al., 2000; Franco et al., 2010). The primary
mechanism underlying lindane and dieldrin-induced neurotoxicity is
inhibition of GABA receptors (Anand et al., 1998; Vale et al., 2003). In
addition, both lindane and dieldrin have been linked to disturbance of
intracellular calcium homeostasis (Heusinkveld and Westerink, 2012).
Furthermore, the azole fungicide imazalil has been linked to adverse
neurobehavioural effects in vivo (Tanaka, 1995) and was recently linked
to disturbance of the intracellular calcium homeostasis (Heusinkveld
et al., 2013).

Intracellular Ca2+ homeostasis plays a pivotal role in neuronal
function, development and survival of dopaminergic cells (Gleichmann
and Mattson, 2011). Therefore, we characterized the four cell lines with
regards to functional parameters, such as the presence of functional
neurotransmitter receptors and ion channels. Furthermore, effects of
the reference pesticides on basal- and depolarization-evoked changes
in the intracellular Ca2+ concentration ([Ca2+]i) were investigated. As
cell death and oxidative stress are clearly implicated in neurotoxicity

and degeneration (Goodwin et al., 2013), the effects on cell viability
and production of reactive oxygen species (ROS) upon exposure to the
reference set of pesticides were also assessed in all cell lines.

2. Materials &methods

2.1. Chemicals

Fura-2 AM, CFDA-AM and 2,7-dichlorodihydrofluorescein diacetate
(H2DCFDA) were obtained from Molecular Probes (Invitrogen, Breda,
The Netherlands). Unless otherwise noted, all other chemicals including
neurotransmitters were obtained from Sigma (Zwijndrecht, The
Netherlands). The pesticides used as reference compounds (lindane,
dieldrin, imazalil, dinoseb and rotenone) were obtained Pestanal®
grade, 99.8% purity (Riedel de Haën, Seelze, Germany). Saline solu-
tions, containing (in mM) 125 NaCl, 5.5 KCl, 2 CaCl2, 0.8 MgCl2, 10
HEPES, 24 glucose and 36.5 sucrose (pH 7.3, adjusted using HCl), were
prepared with de-ionized water (Milli-Q®; resistivity >18 MΩ·cm).
Stock solutions of 0.1–100 mM pesticide were prepared in DMSO and
diluted in saline (Ca2+ imaging) or serum-free medium (cell viability
and ROS production) just prior to the experiments. All solutions used in
experiments, including control experiments, contained 0.1% DMSO.

2.2. Cell culture

PC12 cells (Greene and Tischler, 1976) were grown in RPMI 1640
(Invitrogen, Breda, The Netherlands) supplemented with 5% fetal calf
serum (FCS) and 10% horse serum (HS; ICN Biomedicals, Zoetermeer,
The Netherlands). MES23.5 hybridoma cells (kindly provided by Dr. S.
Appel (Methodist Neurological Institute, Houston TX, USA)) were
grown in DMEM (Invitrogen, Breda, The Netherlands) supplemented
with 10% FCS, 2% HEPES and Satos supplements (Crawford et al.,
1992). Human SH-SY5Y cells (kindly provided by Dr. R. van Kesteren
(VUmc, Amsterdam, The Netherlands)) were grown in 50/50 DMEM/F-
12 medium (Invitrogen, Breda, The Netherlands) supplemented with
15% FCS. Rat N27 cells (kindly provided by Dr. JM Fuentes (Univ. de
Extremadura, Caceres, Spain)) were cultured in RPMI 1640 supple-
mented with FCS (10%). All cells were grown for no more than 8
passages to avoid the possible influence of senescence. All cells were
grown in a humidified incubator at 37 °C and 5% CO2.

All cell culture materials were either poly-L-lysine coated
(PC12 &MES23.5) or uncoated (SH-SY5Y and N27). For cell viability
experiments, cells were sub-cultured in 24-wells plates (Greiner Bio-
one, Solingen, Germany) at a (near confluency) density of 5 × 105

(PC12) or 2 × 105 cells/well (MES23.5, SH-SY5Y and N27). For ex-
periments assessing production of ROS, cells were sub-cultured in 48-
wells plates (Greiner Bio-one, Solingen, Germany) at a (near con-
fluency) density of 2.5 × 105 (PC12) or 5 × 104 (MES23.5, SH-SY5Y
and N27) cells/well. For Ca2+ imaging experiments, cells were sub-
cultured in poly-L-lysine coated (PC12 &MES23.5) or uncoated (SH-
SY5Y and N27) 35 mm glass-bottom dishes (glass surface 78mm2)
(MatTek, Ashland, MA) at a density of 1–1.5 × 106 cells/dish.

2.3. Ca2+ imaging

Changes in [Ca2+]i were measured on a single-cell level using the
Ca2+-sensitive fluorescent ratio dye Fura-2 AM as described previously
(Heusinkveld et al., 2013). Briefly, cells were loaded with 5 μM Fura-2
AM (Molecular Probes; Invitrogen, Breda, The Netherlands) for 20 min
at room temperature, followed by 15 min de-esterification. After de-
esterification, the cells were placed on the stage of an Axiovert 35M
inverted microscope (Zeiss, Göttingen, Germany) equipped with a TILL
Photonics Polychrome IV (TILL Photonics GmbH, Gräfelfing, Germany).
Fluorescence, evoked by 340 and 380 nm excitation wavelengths (F340
and F380), was collected every 6 s at 510 nm with an Image SensiCam
digital camera (TILL Photonics GmbH).

Table 1
Dopaminergic properties of the different catecholaminergic cell lines.

VGCC* TH DA DAT VMAT Vesicular release

PC12 L,N,P/Q-type1,13 +6,7 +6,7 +6,7 +6,7 +7,12

MES23.5 N-type2,8,10 +2 +2 +2 Unk. Unk.
SH-SY5Y L, N-type3,9,14,16,17 +3,11 +3,11 +3,11 +3,11 +15,16

N27 Unk. +4,5 Unk +4,5 Unk. Unk.

VGCC: voltage-gated calcium channels; TH: tyrosine hydroxylase; DA: dopamine; DAT:
dopamine transporter; VMAT: vesicular monoamine transporter; + = present; Unk.:
unknown; *Functional voltage-gated calcium channels: L type: Cav1, dihydropyridine-
sensitive; N-type Cav 2.2, ω-Conotoxin GVIA sensitive; P/Q type: Cav2.1, ω-Conotoxin
MVIIC sensitive.
1 Dingemans et al., 2009; 2 Crawford et al., 1992; 3 Biedler et al., 1973; 4 Prasad et al.,
1994; 5 Adams et al., 1996; 6 Shafer and Atchison, 1991; 7 Westerink and Ewing, 2008; 8

Gleeson et al., 2015; 9 Sousa et al., 2013; 10 Schneider et al., 1995; 11 Chen et al., 2013; 12

Tully and Treistman, 2004; 13 Lerner et al., 2006; 14 Zhu et al., 2016; 15 Zhao et al., 2012;
16 Vaughan et al., 1995; 17 Reuveny and Narahashi, 1993.
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To characterize the presence of functional neurotransmitter re-
ceptors and ion channels, cells were exposed to K+ (KCl; 100 mM),
serotonin (serotonin hydrochloride; 5-HT; 100 μM) acetylcholine
(acetylcholine chloride; ACh; 100 μM), glutamate (monosodium gluta-
mate; 100 μM) or ATP (Adenosine 5′-triphosphate disodium salt hy-
drate; 100 μM) following a 5 min baseline recording.

To investigate compound-induced effects on basal and depolariza-
tion-evoked [Ca2+]i, cells were depolarized by high-K+ containing
saline (100 mM K+) for 18 s after a 5 min baseline recording. This
provides a robust depolarization to ~0 mV depending on the resting
potential of the cell. This depolarization is sufficient to open both high-
and low voltage-activated VGCCs. Following a 10 min recovery period,
cells were exposed to DMSO (0.1%), or one of the reference compounds
for 20 min (indicated by the dashed line in Fig. 2A) to evaluate the
effects on basal [Ca2+]i. Subsequently, cells were depolarized for a
second time to evaluate effects of exposure on depolarization-evoked
Ca2+-influx. This is calculated as the treatment ratio (TR; %) between
the first and second depolarization-evoked [Ca2+]i peak values relative
to control.

2.4. Cell viability assays

To assess the effects of the compounds on cell viability a combined
alamar Blue/CFDA-AM (aB/CFDA) assay was used (protocol adapted
from Bopp and Lettieri, 2008) to determine respectively mitochondrial
activity and membrane integrity. Cells were exposed in serum- and
phenol red-free medium to concentrations up to 100 μM for up to 24 h.
Mitochondrial activity of the cells was recorded as a measure of cell
viability with the aB assay, which is based on the ability of the cells to
reduce resazurin to resorufin. In the same experiment, membrane in-
tegrity was assessed indirectly using a CFDA-AM assay, which is based
on non-specific cytoplasmic-esterase activity. Briefly, cells were in-
cubated for 30 min with 12,5 μM aB and 4 μM CFDA-AM. Resorufin was
measured spectrophotometrically at 540/590 nm (Infinite M200 mi-
croplate; Tecan Trading AG, Männedorf, Switzerland), whereas hy-
drolysed CFDA was measured spectrophotometrically at 493/541 nm.

2.5. Production of ROS

The involvement of oxidative stress in the observed reduction in cell
viability was investigated using the fluorescent dye H2DCFDA as de-
scribed previously (Heusinkveld et al., 2010). Briefly, cells were loaded
with 1.5 μM H2DCFDA for 30 min at 37 °C. Subsequently, cells were
exposed for up to 24 h to 0.1–100 μM compound and fluorescence was
measured spectrophotometrically at 488/520 nm (Infinite M200 mi-
croplate; Tecan Trading AG, Männedorf, Switzerland).

2.6. Data-analysis and statistics

Data from cell viability and ROS experiments were generated in at
least 3 individual experiments (N ≥ 3) consisting of at least 3 replicates
per experiment (n≥ 9). Cell viability data (aB/CFDA) are presented as
% viability ± standard error of the mean (SEM; calculated using the N)
compared to DMSO controls. Data on production of ROS are presented
as % increase in ROS ± SEM (calculated using the N) compared to time-
matched DMSO controls. A relevant effect size in cell viability and ROS
experiments, indicated as lowest observed effect concentration (LOEC),
is defined as the concentration that induces a ≥20% change in the
parameter assessed.

Data from single-cell fluorescence microscopy is presented as F340/
F380 ratio (R), reflecting changes in [Ca2+]i, and analyzed using
custom-made MS-Excel macros applying a correction for background
fluorescence (Heusinkveld et al., 2013). The data represent average
values derived from 15 to 63 individual cells (n) in 3–6 independent
experiments (N).

Statistical analyses were performed using GraphPad Prism v6.01

(GraphPad Software, San Diego, California, USA). Concentration-re-
sponse curves were fitted for experiments assessing cell viability and
ROS production using a nonlinear sigmoidal or bell-shaped curve-fit
when applicable.

3. Results

3.1. Characterization of neurotransmitter receptors and ion channels

To characterize the different cell lines with respect to the presence
of functional Ca2+-permeable receptors and ion channels, cell lines
were stimulated with different stimuli and [Ca2+]i was monitored using
single-cell fluorescence microscopy.

Upon depolarization with 100 mM K+, an increase in [Ca2+]i was
observed in PC12, SH-SY5Y and MES23.5 cells, indicative of the pre-
sence of VGCCs. The largest increase in [Ca2+]i was observed in PC12
cells, followed by MES23.5 and SH-SY5Y cells. N27 cells displayed no
increase in [Ca2+]i upon depolarization. Similarly, upon stimulation
with 100 μM ACh, an increase in [Ca2+]i was observed in PC12,
MES23.5 and SH-SY5Y cells, suggestive for the presence of ionotropic
and/or metabotropic ACh receptors. However, no response was de-
tected in N27 cells. PC12, MES23.5 and N27 responded to stimulation
with 100 μM ATP, indicative of the presence of purinergic receptors.
However, SH-SY5Y did not respond to ATP. When stimulated with
100 μM serotonin (5-HT) only the MES23.5 cells responded with an
increase in [Ca2+]i, whereas the other cell lines showed no change in
[Ca2+]i. None of the cell lines responded to stimulation with glutamate
(100 μM), neither with nor without prior depolarization with 100 mM
K+, suggestive for the absence of functional ionotropic glutamate re-
ceptors.

3.2. Pesticide-induced changes in [Ca2+]i

The concentrations of the pesticides applied to assess the effects on
the [Ca2+]i were chosen based on pilot experiments or previous results
in which they were proven effective in PC12 cells without overt acute
cytotoxicity.

In PC12, SH-SY5Y and MES23.5 cells, depolarization with 100 mM
K+ resulted in a fast, transient increase in [Ca2+]i due to opening of
VGCCs. [Ca2+]i rapidly recovered to near-baseline values. Repeated
depolarization in control cells resulted in treatment ratios (TR) of
~90 ± 16% (n = 80), 65 ± 21% (n = 29) and 90 ± 29% (n = 53) for
respectively PC12, SH-SY5Y and MES23.5 cells. As the characterization
experiments (Fig. 1) revealed the absence of functional VGCCs in N27
cells, effects on depolarization-evoked Ca2+-influx could not be tested
in N27 cells.

3.3. Basal Ca2+

Upon exposure to lindane (100 μM), a transient increase in basal
[Ca2+]i was observed in PC12 cells (Fig. 2A) in line with earlier mea-
surements (Heusinkveld et al., 2010), whereas no change in basal
[Ca2+]i was observed in SH-SY5Y, MES 23.5 or N27 cells (Fig. 2B).
Following exposure to dinoseb (30 μM) an increase in basal [Ca2+]i was
observed in all cell lines although the nature of the increase in PC12,
MES23.5 and N27 was transient, whereas in SH-SY5Y cells a transient
increase was followed by a sustained elevated level of basal [Ca2+]i. No
change in basal [Ca2+]i was observed upon exposure to dieldrin
(10 μM), rotenone (10 μM) or imazalil (30 μM) in any of the cell lines
(Fig. 2).

3.4. Depolarization-evoked Ca2+

Exposure to lindane (100 μM), dieldrin (10 μM), imazalil (30 μM)
and rotenone (10 μM) induced a comparable decrease in depolariza-
tion-evoked [Ca2+]i in PC12, SH-SY5Y and MES23.5 cells (Fig. 2).
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Although the extent to which the depolarization-evoked increase in
[Ca2+]i was inhibited by dieldrin and rotenone was comparable in all
three cell lines, differential levels of inhibition were observed for im-
azalil (PC12 = MES23.5 > SH-SY5Y) and lindane (PC12 > SH-
SY5Y > MES23.5). Dinoseb did not change the depolarization-evoked
increase in [Ca2+]i in PC12 cells (TR: 105 ± 38%, n = 40), whereas in
MES23.5 the depolarization-evoked increase in [Ca2+]i was increased
(TR: 129 ± 66%, n = 36, p ≤ 0.01), and in SH-SY5Y it was inhibited
(TR: 29 ± 14%, n = 35, p ≤ 0.001).

3.5. Membrane integrity, mitochondrial activity and ROS production

To assess differences between cellular responses to pesticide ex-
posure (0.1–100 μM; 24 h), mitochondrial activity and membrane in-
tegrity were assessed using a combined alamar Blue (aB) and CFDA
assay. To assess the involvement of ROS production in the observed
changes in cell viability, cumulative ROS production was measured
using the fluorescent dye H2DCFDA.

Exposure to lindane did not result in changes in mitochondrial ac-
tivity in the different cell lines (Fig. 3A1). Solely in the MES23.5 cells a
small decrease in membrane integrity was observed at the highest
concentration (100 μM; Fig. 3B1). No increase in ROS production was
observed in any of the cell lines upon exposure to lindane (Fig. 3C1).
Exposure to dieldrin resulted in all cell lines in an increase in mi-
tochondrial activity (LOEC PC12 and SH-SY5Y 10 μM; LOEC N27 and
MES23.5 0.1 μM). In N27 and MES23.5 cells, the increase in mi-
tochondrial activity was followed by a decrease in activity at higher
concentrations (>10 μM) (Fig. 3A2). Membrane integrity was affected
solely in MES23.5 cells (LOEC: 10 μM; Fig. 3B2). No increase in ROS
production was observed in any of the cell lines upon exposure to
dieldrin (Fig. 3C2). Exposure to imazalil resulted in an increase in mi-
tochondrial activity in all cell lines (LOECs PC12: 1 μM; SH-SY5Y:
10 μM; MES23.5: 100 μM; N27: 10 μM; Fig. 3A3). In PC12, MES23.5
and N27 cells the increase in mitochondrial activity was paralleled by a
decrease in membrane integrity (all three LOEC: 100 μM; Fig. 3B3). No
change in membrane integrity was observed in SH-SY5Y cells. Exposure
to imazalil did induce ROS production, but solely in PC12 cells (LOEC:
100 μM; Fig. 3C3). Exposure to dinoseb resulted in a bi-phasic change
in mitochondrial activity in both PC12 and N27 cells (LOEC: 0.1 μM;
Fig. 3A4) followed by a decrease at higher concentrations (≥10 μM). In
both the MES23.5 and SH-SY5Y cells exposure to dinoseb resulted in a
modest decrease in mitochondrial activity (LOEC: 100 μM; Fig. 3A4).
Exposure to dinoseb resulted in a reduction of membrane integrity in

Fig. 1. Average traces of the increase in [Ca2+]i observed in the cell lines upon exposure
to different stimuli. Percentages indicated below the traces represent the fraction of cells
that responded to the particular stimulus (3–6 independent experiments; 15–63 in-
dividual cells).

Fig. 2. Differential effects of pesticides on basal and depolarization-evoked [Ca2+]i. A Example traces of cytosolic [Ca2+]i of individual PC12 cells, illustrating the inhibition of the second
depolarization-evoked increase in [Ca2+]i (K2) during exposure to DMSO (upper trace, control), 10 μM rotenone (middle trace) and 100 μM lindane (lower trace). The horizontal dashed
lines indicate the duration of exposure. B Summary table of effects of the five reference pesticides (lindane 100 μM; dinoseb 30 μM; dieldrin 10 μM; rotenone 10 μM; imazalil 30 μM) on
basal and depolarization-evoked [Ca2+]i in the different cell lines. ↑ indicates an increase in [Ca2+]i (≥25%), whereas ↓ indicates a decrease (↓: decrease≤50%; ↓↓: decrease≤75%; ↓↓↓
: decrease >75%), = indicates that no changes were observed. (T) indicates a transient increase in basal [Ca2+]i, whereas (S) indicates a sustained increase in [Ca2+]i. n.a.: not
applicable.
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PC12, MES23.5 and N27 cells (LOECs 10, 10 and 100 μM respectively;
Fig. 3B4), whereas no change in membrane integrity was observed in
SH-SY5Y cells. Exposure to dinoseb induced ROS production in all cell
lines (LOEC PC12: 100 μM; SH-SY5Y, MES23.5 and N27: 10 μM
(Fig. 3C4). Comparable to the results observed with dinoseb, exposure
to rotenone results in a bi-phasic concentration-response curve of mi-
tochondrial activity in PC12 and N27 cells (both LOEC 0.1 μM;
Fig. 3A5), whereas a concentration-dependent decrease is observed in
MES23.5 and SH-SY5Y cells (both LOEC 1 μM; Fig. 3A5). In all cell
lines, exposure to rotenone resulted in a decrease in membrane in-
tegrity (LOECs PC12: 1 μM; SH-SY5Y: 100 μM; MES23.5: 1 μM; N27:
1 μM; Fig. 3B5). Exposure to rotenone induced ROS production in all
cell lines (LOEC rotenone 10 μM for all cell lines; Fig. 3C5).

4. Discussion

In this study we compared four catecholaminergic neuronal cell
lines with respect to functional characteristics and toxicity of five
known neurotoxic pesticides. The results presented in this paper clearly
indicate that the observed effects of a compound depend on the cell line
used and are thus likely related to intrinsic properties of the cell line,
such as the expression of ion channels and receptors.

Calcium plays a pivotal role in many inter- and intraneuronal pro-
cesses, including gene transcription (Carrasco and Hidalgo, 2006),
neurotransmission (Westerink, 2006), neurodegeneration (Mattson,
2012) and neurodevelopment (Pravettoni et al., 2000). As such,
changes in calcium homeostasis can be considered an important key
event linking a molecular initiating event to a downstream adverse
effect in so-called adverse outcome pathways (AOPs). Considering the
different responses in [Ca2+]i of the cell lines to the applied stimuli
(Fig. 1), considerable differences in channel/receptor expression exist
between the cell lines with MES23.5 cells being the most- and N27 cells
the least versatile. The strong response of SH-SY5Y cells to ACh (100%
response rate) indicates that SH-SY5Y cells can be used as a model for
effects on ACh receptors. Although the approach used cannot be used to
discriminate between ionotropic and metabotropic ACh receptors, data
from literature suggests that both receptor types are present in un-
differentiated SH-SY5Y cells (Vetter and Lewis, 2010). Therefore, the
observed increase in [Ca2+]i possibly consists of a combined influx
from extracellular Ca2+ and store-mediated release of Ca2+. In con-
trast, the SH-SY5Y cells did not respond to ATP indicating that these
cells do not express P2X or P2Y purinergic receptors. This is in line with
findings of Vetter and Lewis (Vetter and Lewis, 2010), but in contrast to
earlier findings of Larsson and co-workers (Larsson et al., 2002) who
reported the presence of P2X7 receptors in SH-SY5Y cells. This effec-
tively illustrates that differences also may occur between clones of the
same cell line, stressing the importance of knowing the properties of the
cell line used when addressing compound-induced effects. As opposed
to the non-responsive SH-SY5Y cell line, 32% of the N27 and 100% of
the MES23.5 and PC12 cells in this study responded to ATP indicating
the expression of functional purinergic receptors.

Furthermore, 74% of the MES23.5 cells responded to serotonin ex-
posure indicative of the presence of 5-HT receptors, whereas the other
cell lines did not show signs of functional 5-HT receptor.

Importantly, no response to glutamate was observed in either of the
cell lines. While studies have been published in which these cell lines
were exposed to high millimolar levels of glutamate to evoke cell death,
the absence of glutamate-evoked calcium influx suggests it can be de-
bated if this truly represents excitotoxicity. Consequently, the study of

this important pathway of neurotoxicity requires other (primary) cell
models. The observation that PC12, MES23.5 and SH-SY5Y cells re-
spond to high-K+-induced depolarization and thus express VGCCs is in
line with other research (Reuveny and Narahashi, 1991; Schneider
et al., 1995; Shafer and Atchison, 1991). However, the types of VGCCs
expressed differ among the cell lines as PC12 cells express L-, N- and P/
Q-type VGCCs (Dingemans et al., 2009), whereas SH-SY5Y cells are
reported to express L- and N-type VGCCs (Reuveny and Narahashi,
1991) and MES23.5 cells are reported to express predominantly N-type
VGCCs (Schneider et al., 1995). As N27 cells do not respond to high-K+-
evoked depolarization, we conclude that N27 do not express functional
VGCCs.

The differences in Ca2+ machinery between cell lines can lead to
false-negative results when testing for neurotoxicity as illustrated by
the observed absence of a lindane-induced effect on basal [Ca2+]i in
SHSY-5Y and MES23.5 cells. In PC12 cells, the increase in basal [Ca2+]i
upon exposure to lindane has been linked to a lindane-induced depo-
larization of the membrane of 32 mV (±7 mV) causing opening of ω-
conotoxin sensitive high-voltage activated calcium channels (N- and P/
Q-type; Heusinkveld et al., 2010). This depolarization is apparently
enough to reach the activation potential (Va; Catterall et al., 2005) of
the N- and P/Q-type VGCCs in PC12 cells, and to cause a Ca2+-influx.
As MES23.5 and SH-SY5Y are documented to express N-type VGCCs,
but in particular the MES23.5 has a more negative membrane potential
(see: Åkerman et al., 1984; Colom et al., 1998), the Va is possibly not
reached in these cells which may explain the absence of lindane-in-
duced Ca2+ influx. Hence, the less negative membrane potential in
PC12 cells renders these cells a good sentinel for neurotoxicity in ex-
citable cells.

Furthermore, since the underlying mechanism of the dinoseb-in-
duced increase in basal [Ca2+]i is Ca2+ release from the endoplasmic
reticulum (ER; Heusinkveld et al., 2016) the detection of dinoseb-in-
duced increase in basal [Ca2+]i in all cell lines is not surprising as all
cells contain ER. However, the presence or absence of several channels
and pumps as well as the coupling between ER and mitochondria may
determine whether an increase in basal [Ca2+]i is transient or sus-
tained. Therefore, the observation that upon exposure to dinoseb a
transient increase in [Ca2+]i is observed in PC12, MES23.5 and N27
cells, whereas this transient increase is followed by a sustained increase
in [Ca2+]i in SH-SY5Y cells, is indicative for fundamental differences
between the cell lines in Ca2+-handling machinery. Also, the differ-
ences observed in the depolarization-induced increase in [Ca2+]i upon
exposure to dinoseb (MES23.5: increase; PC12: no effect) are likely
explained by differences in intracellular Ca2+ handling and Ca2+-re-
lated feedback loops. The observed dinoseb-induced decrease in depo-
larization-evoked [Ca2+]i in human SH-SY5Y cells is most likely related
to inhibition of VGCCs due to the sustained increase in [Ca2+]i. Alto-
gether, this clearly demonstrates the importance of characterization of
cell lines as the presence or absence of a toxic response can depend on
rather subtle differences between cell lines.

Also the results from the experiments assessing the more general
measures of toxicity (membrane integrity, mitochondrial activity and
ROS production) demonstrate differences in sensitivity between cell
lines. In general, the results clearly indicate that a change in mi-
tochondrial activity is not necessarily linked to an increase in ROS
production. Also, an increase in ROS production is not necessarily
linked to more cell death. This is illustrated by the results from the
human SH-SY5Y cell line that displays the highest relative ROS pro-
duction in response to exposure to the mitochondrial toxicants dinoseb

Fig. 3. Differential effects of selected pesticides on membrane integrity (CFDA-AM, left column) and mitochondrial activity (alamar Blue, middle column) as measures of cell viability, as
well as on ROS production (H2DCFDA, right column) in PC12 (o), SH-SY5Y (◊), MES23.5 (□) and N27 (Δ) cells following 24 h of exposure. The effects induced by particular pesticides
differ between the various cell lines, resulting in different concentration-dependent changes in mitochondrial activity and membrane integrity. Data points in the concentration-response
curves of the cell viability assays represent the average percentage membrane integrity (3A) or mitochondrial activity (3B) (±SEM; ≥9 wells from ≥3 independent experiments)
compared to control. The data points in the ROS production curves (3C) represent average percentage ROS production (±SEM;≥12 wells from≥3 individual experiments) compared to
time-matched control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and rotenone, whereas this cell line appears relatively insensitive in the
membrane integrity and mitochondrial activity assays. This can likely
be explained by differences in antioxidant levels and other coping
strategies for oxidative stress between the cell lines. This is illustrated
by the difference in results between imazalil and e.g. dinoseb as the
imazalil-induced increase in mitochondrial activity only leads to a fairly
mild ROS production in selected cell lines, whereas the changes in
mitochondrial activity induced by dinoseb are paralleled by an increase
in ROS production. Moreover, the hybrid cell line MES23.5 displays a
particular, yet unexplained, sensitivity towards organochlorine in-
secticides as both exposure to lindane and dieldrin induced a change in
membrane integrity solely in MES23.5 cells.

Thus, it appears that these cell lines differ considerably in their
sensitivity towards toxicity for the different pesticides. It seems there-
fore justified to conclude that the research question should determine
which model is the most appropriate since the intrinsic properties of a
particular cell may strongly influence the outcome.

As exposure to all of these compounds is related to neurotoxicity
related to changes in cellular function (intracellular Ca2+), but not all
are detected in general toxicity assays, measuring of cellular function
appears pivotal to avoid false-negative results. Therefore, great care
should be taken when interpreting toxicity data and the presented
differences clearly highlight the need for thorough characterization of
in vitro models. However, since the differential responses can be traced
back to differences in membrane channel/receptor composition, using
multiple cell lines may also provide mechanistic insight into the un-
derlying mechanisms of action.
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