
Contents lists available at ScienceDirect

Neurotoxicology

journal homepage: www.elsevier.com/locate/neuro

Full Length Article

Effects of environmental pollutants on calcium release and uptake by rat
cortical microsomes

Hanna M. Duszaa,b, Peter H. Cenijna, Jorke H. Kamstraa,c, Remco H.S. Westerinkb,
Pim E.G. Leonardsa, Timo Hamersa,⁎

a Vrije Universiteit Amsterdam, Dept. Environment & Health, The Netherlands
bUtrecht University, Institute for Risk Assessment Sciences, The Netherlands
cNorwegian University of Life Sciences, Dept. of Basic Science and Aquatic Medicine, CoE CERAD, Oslo, Norway

A R T I C L E I N F O

Keywords:
Ryanodine receptor
SERCA
IP3 receptor
Environmental pollutants
Calcium homeostasis
Neurotoxicity
Microsomes

A B S T R A C T

Dysregulation of neuronal intracellular Ca2+ homeostasis can play a crucial role in many neurotoxic effects,
including impaired brain development and behavioral dysfunctions. This study examined 40 suspected neuro-
toxicants from different chemical classes for their capacity to alter Ca2+ release and uptake from rat cortical
microsomes. First, ten suspected neurotoxicants have been tested using a well-established cuvette-based Ca2+

flux assay. Five out of ten compounds (TOCP, endosulfan, PCB-95, chlorpyrifos and BDE-49) showed a sig-
nificant, concentration-dependent alteration of Ca2+ release and uptake in adult rat cortical microsomes. The
original cuvette assay was downscaled and customized to a fast, higher throughput microplate method and the
40 suspected neurotoxicants were screened for their effects on intracellular Ca2+homeostasis. In decreasing
order of potency, the 15 test compounds that showed the strongest alteration of Ca2+ levels in adult rat mi-
crosomes were TOCP, endosulfan, BDE-49, 6-OH-BDE-47, PCB-95, permethrin, alpha-cypermethrin, chlorpyr-
ifos, bioallethrin, cypermethrin, RDP, DEHP, DBP, BDE-47, and PFOS. Results from co-exposure experiments
with selective inhibitors suggested that for some compounds Ca2+ releasing effects could be attributed to RyR
activation (PFOS, DBP, and DEHP) or to SERCA inhibition (a potential novel mechanism of action for all four
tested pyrethroid insecticides). The effects of the two most potent compounds, endosulfan and TOCP, were not
blocked by any of the inhibitors tested, indicating other possible mechanism of action. For all other potent test
compounds, a combined effect on RyR, IP3R, and/or SERCA has been observed. PFOS and 6-OH-BDE-47 caused
increased Ca2+ release from adult but not from neonatal rat brain microsomes, indicating age-dependent dif-
ference in susceptibility to these test compounds. The current study suggests that the neurotoxic potential of
compounds belonging to different chemical classes could partly be attributed to the effects on intracellular Ca2+

release and uptake. Although further validation is required, the downscaled method developed in this study
presents technical advance that could be used for the future screening of suspected intracellular Ca2+ disruptors.
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1. Introduction

Environmental pollutants are increasingly recognised for their
ability to alter development and function of the nervous system
(Grandjean and Landrigan, 2006, 2014). The prenatal period of brain
development is particularly vulnerable to chemical exposure because of
temporal and regional emergence of critical developmental processes
that form the basis for cognitive and behavioral function (Paterson
et al., 2006; Rice and Barone, 2000). Several different classes of che-
micals have been identified as developmental neurotoxicants. For ex-
ample, in utero exposure to methylmercury and lead causes severe
neurobehavioral effects including cerebral palsy and mental retardation
in children (Hu et al., 2006; Myers and Davidson, 1998). More recently,
prenatal exposure to polychlorinated biphenyls (PCBs) and poly-
brominated diphenyl ethers (PBDEs), has been associated with decre-
ments in neonatal reflexes, motor activity, cognitive functions and
hearing impairments in studies of both humans and animals (Darras,
2008; Herbstman et al., 2010; Jolous-Jamshidi et al., 2010; Kenet et al.,
2007; Roze et al., 2009). Additionally, exposure to the organopho-
sphate pesticide chlorpyrifos has been linked to delayed neurodeve-
lopment, increased occurrence of attention deficit hyperactivity dis-
order (ADHD) and lower IQ scores in children (Rauh et al., 2011, 2006),
whereas exposure to organochlorine pesticides and phthalates has been
associated with increased risk of autism spectrum disorders (Lyall et al.,
2017; Testa et al., 2012). Despite the many associations, the modes of
action by which environmental pollutants can induce various neuro-
toxic effects are still largely unknown.

Ca2+ signaling, a spatial and temporal fluctuation of intracellular
Ca2+ levels, plays a major role in regulating a vast range of develop-
mental processes, including gene expression and cell proliferation
(Verkhratsky and Parpura, 2014). Ca2+ homeostasis is of particular
importance in neuronal cells since transient increments in neuronal
cytoplasmic Ca2+ level regulate many neuronal processes, including
differentiation and synaptogenesis, synaptic plasticity and neuro-
transmission (Berridge et al., 2000; Rizzuto, 2001). Thus, the disruption
of neuronal Ca2+ dynamics could be one of the important mechanisms
responsible for impaired brain development and function observed
following chemical exposure (Pessah et al., 2010).

Intracellular Ca2+ homeostasis is regulated by a combination of
Ca2+ entry and release from the extracellular space and intracellular
Ca2+ stores. Ca2+ uptake and release from intracellular Ca2+ stores is
mediated by a system of different Ca2+ channels and pumps present in
the plasma membrane and endoplasmic reticulum (ER). Ryanodine
receptors (RyRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs)
regulate the stimuli-evoked Ca2+ release from the ER into the cytosol,
whereas the active sarco/endoplasmic reticulum Ca2+ ATPase (SERCA)
transporter restores the intracellular Ca2+ levels through active trans-
port of excess Ca2+ back into ER (Berridge et al., 2000). A considerable
amount of literature highlighting the importance of SERCA, RyR and
IP3R in intracellular Ca2+ signaling provides evidence that disruption
of these mechanisms could trigger neurotoxicity (Bodalia et al., 2013;
Gleichmann and Mattson, 2011; Marambaud et al., 2009).

Previously, Wong et al. (1997) demonstrated that ortho-substituted
PCBs induce Ca2+ release from rat brain microsomes by selectively
activating the RyRs. Later studies showed that perfluorooctane sul-
phonate (PFOS) and perfluorooctanoate (PFOA) can elevate Ca2+ levels
through RyR and IP3R-mediated mechanism in cultured hippocampal
neurons (Liu et al., 2011). Additionally, different PBDE congeners, e.g.
BDE-47, BDE-99 and 6-OH-BDE-47, were also shown to inhibit release
and uptake of Ca2+ into the microsomes isolated from different regions
of rat brain (Coburn et al., 2008; Kodavanti and Ward, 2005). A more
recent study by Gassmann et al. (2014) on human neural progenitor
cells indicated that modulation of Ca2+ homeostasis by BDE-47 and 6-
OH-BDE-47 is caused by RyR‑independent mechanisms. However, for
many known and newly emerging neurotoxicants effects on in-
tracellular Ca2+ homeostasis are still poorly investigated. Considering

the wealth of environmental pollutants and the potential central role of
disruption of Ca2+ homeostasis in cellular neurotoxicity (e.g.
Westerink, 2014), sensitive and robust high throughput in vitro assays
are required for a comprehensive understanding of the mechanisms of
neurotoxicity and accurate hazard characterization.

More than twenty years ago, Wong and Pessah (1996) developed a
RyR-based method to investigate neurotoxic effects of PCBs on in-
tracellular Ca2+ signaling. While this assay was demonstrated to be
useful in predicting risk and biological activity of suspected neurotox-
icants, it is also labor-intensive. The aim of the present study was to
adapt the original cuvette-based assay to a higher throughput format in
order to screen a battery of environmentally relevant chemicals (pes-
ticides, flame retardants, plasticizers, perfluorinated compounds and
metals) for their potency to alter Ca2+ release and uptake from rat
cortical microsomes (ER membrane). The potential mechanisms of ac-
tion (i.e. interaction with Ca2+ sensitive release channel complexes
(RyR and IP3R) or interaction with ATP-dependent SERCA) as well as
the effects of the test compounds at different stages of mammalian brain
development were also investigated.

2. Material and methods

2.1. Compounds

A list of 40 suspected neurotoxic compounds from 13 chemical
classes was compiled (Table 1). Chlorpyrifos-oxon and dianizon-o-
analog were purchased from Accu-Standard (New Haven, CT). Tri-o-
cresyl phosphate (TOCP), perfluorooctanoic acid (PFOA) and DMSO
were obtained from Acros (Geel, Belgium), 9,10-dihydro-9-oxa-10-
phosphaphenanthrene 10-oxide (DOPO) from Krems Chemie (Krems an
der Donau, Austria), and resorcinol bis(diphenylphosphate) (RDP, also
known as PBDPP) from ICL-IP (Terneuzen, The Netherlands). Bromi-
nated flame retardant 2,2′,4,4′-tetra-bromodiphenyl ether (BDE-47)
and its hydroxylated metabolite 6-OH-BDE-47 were generously pro-
vided by Åke Bergman (Stockholm University). All other test com-
pounds (Table 1) as well as 4-bromo-calcium ionophore A23187, fluo-3,
1,1′-diheptyl-4,4′-bipyridinium dibromide (DHBP), heparin, and thap-
sigargin were purchased from Sigma (Sigma-Aldrich, Zwijndrecht, The
Netherlands). All chemicals were purchased at the highest commer-
cially available purity.

2.2. Stock solutions and reagents

Test compounds were dissolved in DMSO to a final stock con-
centration of 10mM. Lower-concentration stocks were prepared by
serial dilution in DMSO. Stock solution of DHBP and thapsigargin were
prepared by dissolving the compounds in DMSO to 100mM and 5mM,
respectively. Stock solution of heparin was prepared by dissolving in
demi water to a final concentration of 100mg/ml. Fluo-3 was dissolved
in DMSO to a final stock concentration of 1mM. All stock solutions
were prepared in glass vials with polypropylene screw caps and stored
at 20 °C.

All reagents used for preparation of assay buffer and ATP re-
generation system were purchased from Sigma (Sigma-Aldrich,
Zwijndrecht, The Netherlands). The assay buffer consisted of 40mM
KCl, 62.5 mM KH2PO4, 1mM NaN3, 10 μM K-EGTA, 8mM MOPS and
was kept at 4 °C for one month at maximum. To prepare the ATP re-
generation system consisting of 11.83mM MgATP, 60mM phospho-
creatine and 0.1 kU/ml creatine phosphokinase in assay buffer, first a
10-fold stock of MgATP (118.3 mM) and phosphocreatine (600mM)
was prepared in assay buffer and stored in 100 μl aliquots at -20 °C.
Before use, 29 μl creatine phosphokinase (3.5 kU/ml in 0.25M Gly/Gly
buffer; pH=7.4) was added to the aliquot followed by addition of
871 μl assay buffer to a final volume of 1.0 ml containing the ATP re-
generation system. A 1.5 mM stock solution of CaCl2 was prepared in
demi water to load the microsomes with Ca2+. Stock solutions of fluo-3,
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microsomes and ATP regeneration system were kept on ice during the
experiments.

2.3. Membrane preparation

Adult brain microsomal fractions were obtained from six (R6) and
three (R3) months old female Wistar rats (240–340 g) after euthaniza-
tion with CO2, whereas neonatal brain microsomal fractions (RN) were
obtained from 3 to 4 days old, unsexed rat pups after decapitation.
Cerebral cortex was immediately dissected, snap-frozen with liquid
nitrogen and stored at −80 °C. Microsomal vesicles were prepared by
modification of the methods described previously by Zimányi and
Pessah (1991) and Rengifo et al. (2007). Briefly, tissue from cerebral
cortex was defrosted on ice and homogenized with 10-fold (w/v) ice-

cold homogenization buffer consisting of 250mM sucrose, 5 mM
HEPES, 1mM EGTA, 1mM DTT, protease inhibitor cocktail (Sigma
P8340; 100x diluted) with pH 7.4 (adjusted with KOH). Homogeniza-
tion was done with a glass/teflon Potter Elvehjem homogenizer with
transformator speed set at 40 rpm. Homogenate was centrifuged at
1000 g and 4 °C for 10min. The resulting supernatant was collected, the
pellet resuspended in a half of the initial volume of homogenization
buffer and centrifuged at 8000 g for 10min and 4 °C. The pellet was
discarded and the supernatant centrifuged at 100 000 g and 4 °C for
75min. Protein concentration of the final pellet was determined by
Bradford protein assay (Bio-Rad, The Netherlands). The final pellet was
resuspended in homogenization buffer without EGTA at a protein
concentration of 10mg/ml and stored at −80 °C until use.

Table 1
Net Ca2+ release (pmol/(mg*min) and uptake (1/min) from cortical microsomes of 6 month (R6) and 3 months old (R3) female rats and neonatal rat pups (RN)
exposed to 10 μM of the test compounds, as measured in the microplate assay. Data represents the average value (SD) of n=2 measurements, unless indicated
differently. The 15 highest Ca2+ release rates for the R6 microsomes are shaded in grey.

aType of compound refers to P: parent compound; M: metabolite; TP: transformation product; SC: solvent control.
bmixture of cis and trans isomers.
cTP1 and TP2 are both transformation products of chloranthroniliprole: TP1 in basic water and TP2 after photolysis (Lavtizar et al., 2014).
d2:1 mixture of alpha and beta stereoisomers.
eSince no differences were observed between microplates, duplicates for DMSO and endosulfan were pooled from different experiments, i.e. n=6 for R6 and n=4
for RN.
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2.4. Ca2+ flux measurement

Measurements of the intracellular Ca2+ concentration, reflecting
the net balance between cellular Ca2+ influx, buffering and extrusion,
typically rely on single cell Ca2+ imaging with cell permeable Ca2+

indicator dyes. In the current experiments, however, microsomes are
studied directly to reveal the role of intracellular Ca2+stores and Ca2+

is measured in the extra-microsomal fraction using a membrane-im-
permeable Ca2+ indicator fluo-3. The Ca2+ flux measurement was
based on the method previously described by Wong et al. (1997) and
Pessah et al. (2006). A sub-set of test compounds, including PCB-95 as a
positive control, was tested as in the original papers using glass cuvette
(Fig. 1D). After successful set-up of the cuvette method, the full list of
test compounds was tested in a novel down-scaled, higher throughput

Fig. 1. Alteration of net Ca2+ release and uptake in cuvettes by cerebral cortex microsomes obtained from 6 months old female rat (R6). A) Typical traces of
fluorescence following Ca2+ loadings (slopes 1, 2, and 3), demonstrating the effect of 10 μM endosulfan on Ca2+ release and Ca2+ uptake as compared to DMSO
control. B) Detail trace of net Ca2+ release and C) Reduction in net Ca2+ uptake induced by endosulfan showing a concentration-dependent effect. D) Net Ca2+

releases slopes induced by test compounds at 10 μM concentration. E) Concentration-dependent Ca2+ release for four positive controls. F) Concentration-dependent
decrease of Ca2+ uptake for four positive compounds, expressed as the ratio between first order Ca2+ uptake rates of slope 3 and slope 2. Error bars represent
standard deviation between independent experiments (n= 2; except for TOCP and BDE-49 (n= 1)). Asterisks (*) indicate significant difference to DMSO control
(p < 0.05).
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screening method developed for the purpose of the present study.

2.4.1. Cuvette method
All measurements were performed in a temperature-controlled glass

cuvette at 37 °C, with constant stirring. To each cuvette, 200 μl of ATP
regeneration system, 1.2 μl of fluo-3 (final concentration 0.5 μM), and
80 μl (R6, final concentration 0.333mg/ml) or 35 μl (R3, final con-
centration 0.146mg/ml) microsomal protein was added to assay buffer
(2.4 ml final volume). The protein concentration for R3 microsomes
was adjusted in order to achieve the same basal Ca2+ uptake activity as
seen with R6 microsomes. The net Ca2+ flux kinetics across the mi-
crosomes was recorded by measuring the fluorescence intensity of
extra-microsomal free Ca2+ levels using the membrane impermeable
Ca2+ indicator fluo-3 and a Cary Eclipse Fluorescence
Spectrophotometer (Kinetic Software Version 1.1(133)), excitation and
emission wavelengths set at 500 and 530 nm, respectively). Microsomal
vesicles were loaded with Ca2+ by two additions of 12 μl of 1.5mM
CaCl2 (2×18 nmol, final concentration 7.5 μM). After the signal of
Fluo-3 returned to the baseline level (due to SERCA pumping extra-
microsomal Ca2+ into the microsomes), microsomes were exposed to
the test compound by addition of 2.4 μl of a 10mM stock concentration
in DMSO (final concentration 10 μM) and extra-microsomal Ca2+ level
was further monitored (Fig. 1A and B). Four test compounds, i.e. en-
dosulfan, PCB-95, chlorpyrifos and BDE-49 were additionally tested in
1 and 5 μM concentrations to reveal concentration-dependence. All
experiments were performed at final DMSO concentration of 0.1%,
except for BDE-49 (0.4% DMSO). DMSO solvent controls were included
on each experimental day. Uptake of Ca2+ into the exposed microsomes
was determined by loading the exposed microsomes with another
18 nmol CaCl2 and measuring the decrease in extra-microsomal Ca2+

concentration (Fig. 1A and C). Ca2+ ionophore 4-bromo A23187 was
used at the end of each measurement to release remaining accumulated
Ca2+ from the microsomes.

2.4.2. Microplate method
Briefly, the amount of microsomes needed for each microplate assay

was calculated and then pre-incubated in one big batch with final
protein concentration of 0.333mg/ml for R6 or RN and 0.146mg/ml
for R3. Microsomes were pre-incubated for 5min in UV protected,
polypropylene tubes with assay buffer containing ATP regeneration
system and 0.5 μM fluo-3. Incubation was performed at 37 °C with
constant stirring using an orbital shaker (VWR, Amsterdam, The
Netherlands). The pre-incubated microsomes were then loaded under
continuous stirring with two spikes of CaCl2 (each contributing 7.5 μM

to the final Ca2+ concentration), with 10 and 15min of loading time,
respectively. While microsomes were loaded with Ca2+ in the tubes,
each well of a black non-binding, polypropylene, 96-wells flat-bottom
microplate (Greiner, Germany) was filled with 2.4 μl of test compound
(1mM dissolved in DMSO). After the 30min loading phase, 240 μl of
Ca2+-loaded microsomes suspended in assay buffer was transfered to
each well of the 96-wells plate using an automatic pipette, yielding final
concentrations of 10 μM for the test compounds in 1% DMSO. Reagents
in the well were mixed by 10 s intensive shaking of the plate before
each measurement. The ability of compounds to mobilize the accu-
mulated Ca2+ from the vesicles was measured in the absence and in the
presence of RyR-inhibitor DHBP (100 μM), IP3R-inhibitor heparin
(100 μg/ml), or SERCA-inhibitor thapsigargin (5 μM). Inhibitors were
added to Ca2+-loaded microsomal suspension in assay buffer 2min
before transfer to the plate. The Ca2+ flux kinetics were measured in a
Varioskan Flash multimode reader (Thermo Scientific, Finland) with
Skanit software 2.4.5 (Thermo Scientific, Finland) at a constant tem-
perature of 37 °C. Fluorescence (λex= 485 nm; λem=525 nm) was
followed in time for each well by 120 readings (200ms) with 15 s in-
terval in a kinetic loop. To allow this interval between readings, only
half of the 96-wells plate was typically used in a single experiment. The
effect of test compounds on the Ca2+ uptake into the exposed micro-
somes was determined by re-loading the exposed vesicles with a
1.8 nmol CaCl2 spike per well and measuring the decrease in extra-
microsomal Ca2+ concentration.

2.5. Data analysis

To allow comparison between different cuvettes, fluorescence
measurements in the cuvette method were normalized for the increase
in fluorescence caused by the second spike of Ca2+ in the loading
phase. No such normalization was required for the microplate method,
because all wells received an aliquot of the same large batch of Ca2+

loaded microsomes. The initial rates of Ca2+ release induced by the test
compounds were obtained by linear regression analysis between
20–140 s (cuvette, Fig. 1B) or 20–300 s (microplate reader, Fig. 2A) of
data measured after the start of exposure to the test compound. The
rates of Ca2+ uptake in exposed microsomes were calculated by fitting a
single exponential decay function to the Ca2+ measurements of the first
5 min (cuvette, Fig. 1C) or 10min (microplate reader, Fig. 2A) after
addition of an additional (third) Ca2+ spike. For the cuvette experi-
ments, differences between independent treatments and DMSO controls
were tested by one-way ANOVA with Dunnett’s post-hoc test
(p < 0.05). For the microplate experiments, differences between plates

Fig. 2. Alteration of net Ca2+ release and uptake in microplates by cerebral cortex microsomes obtained from 6 months old female rat (R6). A) Typical traces of
fluorescence, demonstrating the effect of 10 μM endosulfan on Ca2+ release and Ca2+ uptake as compared to DMSO control. The time frame shown corresponds to
the time frame 30–45min in Fig. 1A, i.e. end of slope 2 after test compound addition followed by the third Ca2+spike (slope 3). B) Significant correlation between
cuvette and microplate measurements of net Ca2+ release rates for 10 test compounds and a DMSO control.
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were tested by two-way ANOVA with treatment (endosulfan and
DMSO) and plate number as independent variables (p < 0.05). To
determine expected positive correlation between results from cuvette
and microplate experiments and between results from cortical micro-
somes of different age groups, and expected negative correlation be-
tween results from Ca2+ release and Ca2+ uptake measurements,
Pearson’s correlation coefficient was calculated and tested for sig-
nificance (p < 0.05) by a one-sided t-test.

3. Results

3.1. Alteration of net Ca2+ release and uptake - cuvette measurements

A typical trace of extra-microsomal Ca2+ measured in the cuvette
method is shown in Fig. 1A. Transport of Ca2+ into the microsomes
(visible as a decline in the extra-microsomal Ca2+ concentration) was
observed after ATP addition, confirming that Ca2+ uptake by the mi-
crosomal membrane was ATP-dependent (Wong et al., 1997). Two
spikes of Ca2+ were taken up by the microsomes during the loading
phase (Fig. 1A, slope 1 and 2). During exposure to 10 μM endosulfan, an
increase in extra-microsomal Ca2+ was observed as compared to DMSO
control. Ten minutes after compound exposure, microsomes were
spiked with Ca2+ for the third time. The rate of Ca2+ uptake in the
microsomes exposed to endosulfan was lower than with DMSO control
(Fig. 1A, slope 3). Finally, accumulated Ca2+ could be released from
the microsomes by the addition of the Ca2+ ionophore 4-bromo
A23187.

Ca2+ release was quantified as the slope of the net Ca2+ release in
the first two minutes after test compound addition (Fig. 1B). Five out of
ten compounds representing different chemical classes induced net
Ca2+ release from adult microsomes at 10 μM concentration as com-
pared to DMSO control (Fig. 1D). TOCP and endosulfan demonstrated
higher Ca2+ release from the microsomes than the positive control PCB-
95. To test if these effects were concentration-dependent, microsomes
were exposed to four positive compounds with different potencies, i.e.
endosulfan, PCB-95, chlorpyrifos and BDE-49 in 1–10 μM range. All
four compounds showed strong concentration-dependent effects
(Fig. 1D and E), whereas none of the studied compounds significantly
interfered with the dye fluo-3 (data not shown).

Ca2+ uptake was quantified by fitting a single exponential decay
function to the Ca2+ measurements of the first 5 min after test com-
pound addition (Fig. 1C). In the DMSO control trace, Ca2+ uptake
slopes decreased in time with slope 3 < slope 2 < slope 1 (Fig. 1A).
To determine if Ca2+ uptake rates were affected by the test compounds,
the first-order Ca2+ uptake rate of slope 3 was expressed as a percen-
tage of the first-order Ca2+ uptake rate of slope 2. For the four chosen
positive controls, the rate of the net Ca2+ uptake into the microsomes
decreased in a concentration-dependent manner as compared to DMSO
control (Fig. 1F).

3.2. Microplate measurements

Although effective and robust, the cuvette method is inefficient
considering the amount of material and time needed for each mea-
surement. Alternatively, kinetic measurements in a microplate set-up
are known to be challenging (Heusinkveld and Westerink, 2011). For
instance, it is practically impossible to follow the Ca2+ loading phase in
each separate well online, because this requires manual synchroniza-
tion between addition of the Ca2+ spikes, addition of the test com-
pounds, and measurement of the fluorescence, which would make the
method prone to operator errors. We therefore customized and down-
scaled the existing cuvette-based Ca2+ release assay to a higher
throughput version in 96-wells microplates, by adding the test com-
pounds (dissolved in DMSO) to the plate in advance. In parallel, mi-
crosomes were preloaded with Ca2+ in a single, large-volume batch, of
which aliquot volumes were subsequently dispensed in each well. Ca2+

release was quantified as the slope of the net Ca2+ release in the first
five min after test compound addition (Fig. 2A), whereas Ca2+ uptake
was quantified by fitting a single exponential decay function to the
Ca2+ measurements of the first 10min after Ca2+ spike addition
(Fig. 2A). After pre-testing this method with reference compounds PCB-
95 and endosulfan, all 40 suspected neurotoxicants were screened in
duplicates for their potency to alter Ca2+ release and uptake from rat
cortical microsomes obtained from adult female rats (R6) (Table 1).
Three separate microplates were used to test all 40 compounds. In all
three microplate experiments DMSO and endosulfan were tested as
solvent control and positive control, respectively.

Similar to the cuvette measurements, exposure to endosulfan caused
a significantly increased Ca2+ release from the Ca2+-loaded micro-
somes compared to the DMSO solvent control and a significantly de-
creased microsomal Ca2+ uptake after addition of an additional Ca2+

spike (Fig. 2A). No difference in Ca2+ release or uptake was observed
between separate microplate experiments and also no interaction effect
was observed between exposure (i.e. DMSO or endosulfan) and ex-
periments (i.e. different microplates). These results indicate that the
microplate method is robust, and that results from different microplate
experiments can be mutually compared if the same batch of microsomes
is used.

The microplate screening of all 40 test compounds revealed other
compounds being capable of causing microsomal Ca2+ release. The
most potent compounds (in order of decreasing potency) were TOCP,
endosulfan, BDE-49, 6-OH-BDE-47, PCB-95, permethrin, alpha-cyper-
methrin, chlorpyrifos, bioallethrin, cypermethrin, RDP, DEHP, DBP,
BDE-47, and PFOS (Table 1). Ca2+ release rates for 10 compounds
tested in the cuvette (Fig. 1D) were compared to Ca2+ release rates
observed for these compounds in the microplate method. For those
compounds, significant correlation was observed between the two
methods (r= 0.83, Fig. 2B).

3.3. Ca2+ release and uptake in cortical microsomes at different stages of
brain development

Since Ca2+ homeostasis plays a crucial role during brain develop-
ment, additional microplate measurements of microsomal Ca2+ release
and uptake were performed with microsomes obtained at different
stages of brain development i.e., from 3 months old rats (R3) and
neonatal pups (RN). Sixteen compounds were tested, i.e. the 15 com-
pounds with highest Ca2+ releasing rates from R6 microsomes in the
microplate method (shaded grey in Table 1), extended with parathion
as a representative compound with poor Ca2+ releasing properties.
Most of the 15 potent compounds that showed effects on Ca2+ release
in R6 microsomes also showed effects on Ca2+ release in R3 and RN
microsomes (Table 1). The Ca2+ release rates observed for the R3 mi-
crosomes were almost two times higher than those observed for the R6
microsomes. Nevertheless, a significant, high correlation was found
between Ca2+ release rates from R6 and R3 as measured in the mi-
croliter plate (r= 0.87; Fig. 3A). Two out of 16 compounds did not
obey to this significant correlation (r= 0.87): exposure to PFOS caused
a higher Ca2+ release rate by R3 microsomes than expected based on
results with R6 microsomes, whereas the opposite effect was observed
for parathion exposure (Fig. 3A). These data suggest that the Ca2+ re-
leasing potency of compounds might be age dependent, possibly due to
the temporal differential expression of different transporter isoforms
(see Section 4.2). In general, Ca2+ release rates by RN microsomes were
lower than observed for R3 or R6. RN microsomes showed better cor-
relation with R6 (Fig. 3C) than R3 (Fig. 3E) microsomes, but both
(significant) correlations were lower than between R6 and R3 micro-
somes (Fig. 3A). Most obvious differences were observed for PFOS and
6-OH-BDE-47. Both compounds showed high Ca2+ release rates by R6
and R3 microsomes, whereas no effect was observed for RN microsomes
(Table 1).

The majority of the 15 compounds that showed effects on Ca2+
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release also showed effects on the Ca2+ uptake rates (Table 1). Whereas
the effects of different test compounds on Ca2+ release rates differed by
two orders of magnitude, effects on Ca2+ uptake rates were much less
pronounced, irrespective of the age of the donor animals (Table 1).
Correlations between Ca2+ uptake rates determined for different age
classes were relatively low and in some cases non-significant (Fig. 3B,
D, F), most likely due to the lack of distinctiveness in Ca2+ uptake rates
between the different exposures. Consequently, no compounds could be
distinguished that cause age-specific changes in Ca2+ uptake rates.

To test if the Ca2+ release rates observed for R3 microsomes in the
microplate could also be replicated in the original cuvette method, the
ten most potent compounds that were newly identified in the micro-
plate as Ca2+ releasing were also tested in the cuvette (Fig. 4A). Re-
markably, three out of the four pyrethroid insecticides causing Ca2+

release from R3 microsomes in the microplate method did not show any
effect on Ca2+ release in the cuvette. Consequently, the correlation
between Ca2+ release rate in the cuvette and microplate methods was
relatively low for R3 microsomes, but still significant (r= 0.53;

Fig. 3. Comparison of net Ca2+ release rates (left) and net Ca2+ uptake rates (right) as determined in the microplate method for microsomes from rats with different
ages, i.e. 6-months (R6), 3-months (R3) or neonatal (RN) exposed to 16 different test compounds and a DMSO control. Correlation between R6 and R3 microsomes for
A) Ca2+ release and B) Ca2+ uptake; Correlation between R6 and RN microsomes for C) Ca2+ release and D) Ca2+ uptake D); Correlation between R3 and RN
microsomes for E) Ca2+ release and F) Ca2+ uptake. All correlations were statistically significant (p < 0.05), except for B (i.e. Ca2+ uptake by R6 and R3 mi-
crosomes).
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Fig. 4B).

3.4. Inhibitor experiments

Following compound exposures, Ca2+ uptake rates were negatively
correlated with Ca2+ release rates for the different age classes, ranging
from r=−0.56 for R6 to r=−0.76 for RN microsomes (Fig. S1). This
negative correlation was to be expected, because changes in extra-
microsomal Ca2+ concentration measured in the assay are the net result
of increased Ca2+ release and decreased Ca2+ uptake. In other words,
compounds opening Ca2+ channels RyR and IP3R do not only cause an
increase in Ca2+ release, but also contribute to a net decrease in Ca2+

uptake. The other way around, compounds inhibiting SERCA do not
only cause a decrease in Ca2+ uptake, but are also responsible for a lack
of compensation of Ca2+ release by RyR and IP3R.

To further study the mechanism by which the test compounds affect
Ca2+ release and uptake, microsomes were simultaneously exposed to
test compounds and inhibitors of RyR, IP3R, or SERCA (Fig. 5). Co-
exposure to RyR inhibitor DHBP most obviously reduced the Ca2+ re-
leasing effect of PFOS (by 84%), DBP (by 76%), and DEHP (by 71%),
indicating that these compounds cause Ca2+ release mainly through
RyR activation (Fig. 5A). For some compounds, i.e. PCB-95, chlorpyr-
ifos, BDE-47, and 6-OH-BDE-47, Ca2+ release rates could possibly be
attributed to a combined activation of RyR and IP3R, given that ≥40%
of the effects have been reduced after co-exposure to DHBP and to IP3R
inhibitor heparin (Fig. 5A and B). Co-exposure to SERCA inhibitor
thapsigargin reduced the Ca2+ releasing effect of chlorpyrifos by 60%
and BDE-49 by 55%, and - more specifically - of all pyrethroid in-
secticides tested, i.e. permethrin by 77%, bioallethrin by 56%, alpha-
cypermethrin by 91% and cypermethrin by 91% (Fig. 5C). For chlor-
pyrifos, BDE-49 and bioallethrin the inhibition of Ca2+ release by
thapsigargin strongly deviated between the replicates and the result for
these compounds should be interpreted with caution. Nevertheless, the
almost complete reduction of pyrethroid induced Ca2+ release by
thapsigargin indicates the inhibition of the neuronal endoplasmic re-
ticulum Ca2+ ATPase pump as a potential novel mechanism of action
for this class of insecticides.

Interestingly, increased microsomal Ca2+ release rates were found
for PFOS and 6-OH-BDE-47 when co-exposed to thapsigargin. This
finding is to be expected for compounds that alter Ca2+ efflux channels,
since SERCA pump inhibition disables the mechanism that pumps Ca2+

ions back into the ER vesicles, thereby enhancing the effect of com-
pounds that cause an opening of the Ca2+ efflux channels i.e., RyR
(PFOS) or IP3R (6-OH-BDE-47) (Fig. 5C). Finally, none of the three
inhibitors had a distinct effect on the net Ca2+ release induced by the

most potent compounds endosulfan and TOCP.

4. Discussion

4.1. Alteration of Ca2+ release and re-uptake in cortical microsomes

Using a novel microplate screening method, this study demonstrates
that a range of environmental pollutants belonging to different che-
mical classes can alter Ca2+ release/uptake in microsomes from rat
cerebral cortex by inhibition of RyR, IP3R and/or SERCA mediated
mechanism.

4.1.1. PCB-95, PBDEs and perfluorinated compounds
It is well-known that ortho-substituted PCBs increase the in-

tracellular Ca2+ concentration in numerous cell types, including cere-
bellar granule neurons (Llansola et al., 2010; Tan et al., 2004) and rat
PC12 cells (Langeveld et al., 2012; Wong et al., 2001). Wong et al.
(1997) previously demonstrated that PCB-95 mobilizes Ca2+ from
neuronal microsomes in a concentration-dependent manner, which is in
line with our results obtained from both cuvette and microplate reader
measurements. Wong et al. (1997) also suggested that PCB-95 has a
specific RyR activating mode of action, which we confirmed by de-
monstrating inhibition of Ca2+ release in the presence of the selective
RyR channel blocker DHBP.

PBDEs and ortho-substituted PCBs share common molecular and
cellular mechanisms (Westerink, 2014) by which they may interfere
with neurodevelopmental processes. Similar to PCBs, PBDEs have pre-
viously been shown to affect Ca2+ homeostasis in microsomes isolated
from adult rat frontal cortex, cerebellum, hippocampus and hypotha-
lamus (Coburn et al., 2008; Kodavanti and Ward, 2005). In the present
study all three PBDE compounds tested (i.e. BDE-47, BDE-49 and 6-OH-
BDE-47) showed a significant increase in Ca2+ release in cortical mi-
crosomes of adult rats. In an earlier study, Kim et al. (2011) indicated
that PBDEs induce Ca2+ release in neuronal cells by RyR mediated
mechanism. The authors suggested that PBDEs with two ortho-bromine
substituents and lacking at least one para-bromine substituent (e.g.,
BDE-49) activate RyR1 and RyR2 with greater potency than corre-
sponding congeners with two para-bromine substitutions (e.g., BDE-47).
These findings seem to be consistent with our results in which BDE-49
had twofold higher potency to induce Ca2+ release from adult rat mi-
crosomes than its congener BDE-47. Moreover, 6-OH-BDE-47 induced
Ca2+ release following activation of protein lipase C and IP3R in pri-
mary fetal human neural progenitor cells, which appeared to be in-
dependent of RyR (Gassmann et al., 2014). These results correspond
with our observations (Fig. 5B), where the IP3R channel blocker

Fig. 4. Net Ca2+release by cerebral cortex microsomes from 3 months old female rat (R3) exposed to 10 μM concentrations of test compounds. A) Results from the
cuvette method; B) Correlation between net Ca2+ release rates determined by the cuvette method and the microplate method.
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heparin inhibited more than 65% of the initial Ca2+ release induced by
6-OH-BDE-47.

Effects of perfluorinated alkylated substances (PFASs) on in-
tracellular Ca2+ homeostasis in neuronal cells are hardly studied. In our
study, sulfonated PFOS caused increased microsomal Ca2+ release,
which was almost completely blocked by RyR channel blocker DHBP
(Fig. 5A), whereas carboxylated PFOA was completely inactive
(Table 1). These results corroborate with a study by Liu et al. (2011)
who found larger increases in cytoplasmic Ca2+ levels in cultured
hippocampal neurons exposed to PFOS than to PFOA. Based on co-ex-
posure experiments with two specific antagonists of the intracellular
ion channels, the authors speculated that the observed increased of
cytoplasmic Ca2+ levels could be mediated by both IP3R and RyR ion
channels. For PFOS, the present study provides further evidence of RyR
specific mobilization of intracellular Ca2+ stores.

PCBs, PBDEs and PFASs have previously been shown to exert di-
verse cellular effects, ranging from neuronal apoptosis (Howard et al.,
2003; Wang et al., 2015), alteration of dendritic growth and morpho-
genesis (Chen et al., 2017; Wayman et al., 2012) and synaptic plasticity

(Gilbert, 2000; Kim and Pessah, 2011) to behavioral deficits in animals
and human (Herbstman et al., 2010; Kenet et al., 2007; Roze et al.,
2009). Such effects can at least partially be attributed to disruption of
Ca2+ signaling through RyR and/or IP3-mediated mechanism (Pessah
et al., 2010; Rizzuto, 2001), highlighting the importance of dysregu-
lation of Ca2+ homeostasis in (human) neurodevelopmental disorders.

4.1.2. Pyrethroids
Most of the available literature link the neurotoxic effects of pyre-

throids to their ability to alter voltage-gated sodium channels (VGSCs),
which are crucial for neuronal excitability (for an extensive review see
Soderlund (2012)). Additional reports indicate that pyrethroids can also
inhibit voltage-gated calcium channels (VGCCs; e.g. Hildebrand et al.,
2004; Meijer et al., 2014). However, little data exist on the effects of
pyrethroids on intracellular Ca2+ channels and pumps. All four pyre-
throids tested in our study (permethrin, cypermethrin, alpha-cyper-
methrin and bioallethrin) showed alteration of Ca2+ homeostasis in
adult microsomes. The effect of pyrethroids on microsomal Ca2+ re-
lease was inhibited completely (alpha-cypermethrin and cypermethrin)

Fig. 5. Ca2+ release rates determined for microsomes from 3 months old female rats (R3) exposed to 10 μM test compound concentrations in the microplate.
Microsomes were co-exposed to test compounds without inhibitor (grey bars) and inhibitors (black bars) of A) RyR (100 μM DHBP), B) IP3R (100 μg/ml heparin), or
C) SERCA (5 μM thapsigargin). Compound-specific Ca2+ release rates [pmol/(mg*min)] were normalized for their respective control exposures to DMSO. Error bars
represent standard deviation of duplicate measurements within a single plate experiment (n= 1).
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or partially (permethrin and bioallethrin) by the highly selective SERCA
blocker thapsigargin (Michelangeli and East, 2011), suggesting high
affinity of pyrethroid compounds towards the SERCA pump. To our
knowledge the effect of pyrethroids on neuronal ER SERCA pump has
never been reported in the literature before. Because the cortical mi-
crosomes used in our study originate primarily from intracellular en-
doplasmic reticulum, it is unlikely that the microsomes contained other
functional ion pump and channels originating from the plasma mem-
brane, thereby excluding possible interference of e.g., VGSCs or VGCCs.
Our results thus indicate a potential novel mechanism of action for this
class of insecticides that hypothetically could account for some un-
explained Ca2+ dependent effects observed in the literature, e.g. the
increased Ca2+ levels observed by Cao et al. (2011) in neocortical
neurons.

4.1.3. Phthalates and other test compounds
While very little is known about phthalates’ potency towards neu-

ronal intracellular targets such as Ca2+ channels and pumps, however
DBP and DEHP have previously been shown to increase cytosolic Ca2+

levels in RBL-2H3 mast cells (Nakamura et al., 2002) and rat PC12 cells
(Tully et al., 2000). In our study DBP and DEHP, but not its primary
metabolite MEHP, induced Ca2+ release in microsomal vesicles with
∼70% of the effect blocked by DHBP, indicating their RyR mediated
mechanism of action. These data point to the potential importance of
intracellular stores in phthalate mediated neurotoxicity that could serve
as a basis for further investigation.

The increase in extra-microsomal Ca2+ levels following chlorpyrifos
exposure was inhibited by approx. 50% by either DHBP, thapsigargin or
heparin, suggesting its non-specific mechanism of action. The effect of
chlorpyrifos on Ca2+ homeostasis has been reported before in the lit-
erature. For example, Meijer et al. (2014) showed increased basal Ca2+

levels and inhibition of depolarization-evoked Ca2+ influx in PC12 cells
after exposure to chlorpyrifos and other organophosphates. Although,
the observed inhibition of Ca2+ influx was mediated via chlorpyrifos
action on VGCCs, our study suggests that the increase in basal Ca2+

may additionally be mediated by intracellular Ca2+ stores.
Notably, chloranthraniliprole and flubendiamide, potent RyR spe-

cific diamide insecticides, did not show any effect on Ca2+ release in rat
cortical microsomes (Table 1), supporting the evidence of low mam-
malian toxicity and low homology between ryanodine receptors ex-
pressed in vertebrates and invertebrates (Qi and Casida, 2013).

In the present study, endosulfan and TOCP showed a significant
increase in extra-microsomal Ca2+ levels, but their specific mechanism
of action could not be clarified by inhibitor experiments. It is possible
that the increase in Ca2+ release from microsomes exposed to en-
dosulfan and TOCP may be attributed to increased membrane perme-
ability as a result of oxidative stress (Rosa et al., 1996; Lakroun et al.,
2015; Zhang et al., 2007). However, other potential mechanism cannot
be excluded. For example, it is highly likely that next to the RyRs, IP3Rs
and SERCA, microsomal vesicles may contain other functional elements
that could contribute, at least to some extent, to the observed effects
mediated by the test compounds. Especially so, when the increase in
Ca2+ release could not be explained by the co-exposure with highly
specific blockers of Ca2+ channels and pump. It has been demonstrated
that some ER membrane protein translocators, such as presenilins or
SEC61-complex, can also function as Ca2+ leak channels (Lang et al.,
2011; Tu et al., 2006; Zhang et al., 2010). These leak channels have
been shown to be responsible for passive Ca2+ leak from the ER lumen
to the cytosol, controlling the basal Ca2+ levels and preventing ER
Ca2+ overload (Supnet and Bezprozvanny, 2011). Zhang et al. (2010)
argued that “the enhanced ER Ca2+ release via IP3Rs and RyRs (…) can
be accounted for by the loss of ER Ca2+ leak function of presenilins and
overloaded ER Ca2+ stores”. It thus cannot be excluded that also in the
present study compounds that showed non-specific increase in extra-
microsomal Ca2+ levels, could act on the Ca2+ leak channels, or other
not yet elucidated mechanisms. This is however largely speculative and

further studies may clarify the exact mechanism(s) of action.

4.2. Microsomal Ca2+ release and uptake at different stages of brain
development

In mammalian tissue, SERCA, RyR and IP3R are expressed in three
known isoforms with diverse structure and different sensitivities to
pharmacological agents (Racay et al., 1996). During brain development
the expression of the different isoforms undergoes dynamic changes
within neurons resulting in structural and functional differentiation
(Mori et al., 2000). The distribution of the isoforms differs between
specific brain regions, cell types and sub cellular localizations, sug-
gesting that distinct expression of RyR, IP3R and SERCA isoforms may
produce specific patterns of Ca2+ signaling (Giannini et al., 1995; Rossi
et al., 2002).

Experiments using microsomes from different stages of brain de-
velopment showed that microsomes from three months old (R3) female
rats had more than twofold higher basal Ca2+ uptake activity than
microsomes from adult (R6) and neonatal (RN) rats. These differences
in Ca2+ uptake rates could not be attributed to differences in protein
concentration (since each microsomal batch had been tested at the
same protein concentration, 0.333mg/ml). However, dynamic differ-
ences in expression of SERCA isoforms during brain maturation, dif-
ferences in Ca2+ affinity between different SERCA isoforms and decline
in SERCA function with advancing age (e.g. Baba-Aissa et al., 1998;
Lytton et al., 1992; Pottorf et al., 2001) may explain, at least partially,
the distinctive Ca2+ uptake rates observed in RN, R3 and R6 micro-
somes.

Interestingly, PFOS and 6-OH-BDE-47 did not show any alteration of
Ca2+ release in RN microsomes while they showed significant effects in
R3 and R6 microsomes. Several studies have suggested that not only
SERCA but also RyR and IP3R are under strict developmental control i.e.
different isoforms are down- and up-regulated at different periods of
brain development (e.g. Faure et al., 2001; Mori et al., 2000). Possibly,
PFOS and 6-OH-BDE-47 inhibit specific isoforms of RyR and IP3R
widely expressed in adult rat brain, but not in neonatal neuronal cells.

4.3. Discussion of the methods

For many neurotoxic compounds, the cellular mechanism of action
is still poorly understood. Traditional in vivo tests to investigate neu-
rodevelopmental effects of environmental pollutants provide important
information on behavior, motor activity and/or sensory reactivity fol-
lowing exposure to a test compound, but are often laborious, expensive
and lack information on the specific mechanisms of toxicity at the
cellular and molecular level. With the growing number of suspected
(developmental) neurotoxic compounds, there is an increasing interest
in the development of simplified, fast, and effective in vitro screening
tools (Coecke et al., 2006). This study aimed at developing such a
higher throughput, sensitive and robust screening method that could be
used to indicate possible Ca2+ disrupting mechanisms of neurotoxicity
and prioritize chemical for further investigation.

in vitro test systems using microsomal vesicles directly measure
possible disruption of intracellular Ca2+ levels mediated by RyR, IP3Rs
and/or SERCA, and thus indicate potential important intracellular
mechanisms of neurotoxicity. It is important to note that use of mi-
crosomal fractions does not account for other Ca2+ permeable channels
present in the neuronal plasma membrane (e.g. VGCCs) that RyRs and
IP3Rs can interact with to varying degrees. However, considering that
intracellular channels and pumps play a vital role in regulating in-
tracellular Ca2+ homeostasis, scientific evidence suggests that inter-
ference with these processes alone can play a substantial role in the
biological activity of neurotoxic compounds, including the effects ob-
served on cellular, tissue and organism level (Bodalia et al., 2013; Chen
et al., 2017; Gilbert, 2000; Howard et al., 2003; Pessah et al., 2010;
Wang et al., 2015). Many suspected neurotoxic compounds, including
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some compounds tested in this study, have high lipid solubility or/and
high structural analogy to known neurotoxins and therefore are most
likely to pass the blood-brain barrier (BBB) and reach the neuronal
Ca2+ stores.

Results from cuvette and microplate methods were comparable and
the findings for the reference compounds matched those present in the
literature, suggesting that the downscaled microplate method devel-
oped for the purpose of this study could be used as a screening tool.
While a single cuvette measurement takes 40min, in the same period
40 simultaneous measurements can be made in the new downscaled
microplate method. Besides being fast and cost-effective, microplate
reader measurements require 10 times lower amount of microsomes
than experiments in the cuvette method which saves a significant
amount of biological material (and thus laboratory animals). On the
other hand, the Ca2+ loading phase cannot be followed in real time in
the microplate method. Also, quenching of the signal due to e.g. in-
hibitor addition cannot be observed, but has to be determined in ad-
vance in separate experiments.

The microplate reader method seems to be more sensitive than the
cuvette method. Remarkably, all four pyrethroids tested showed an
increase in Ca2+ release in the downscaled microplate method
(Table 1), while no effect was observed for these compounds using the
cuvette method (Fig. 2). Therefore, an additional experiment with
alpha-cypermethrin (a representative of the pyrethroids) was per-
formed in order to investigate the discrepancy between the two
methods (see Supporting Information, Fig. S2). Our data suggest that
alpha-cypermethrin binds to the microsomes in the microplate with
higher affinity than in the cuvette. Although the exact mechanism un-
derlying the discrepancy is difficult to elucidate, the increased inter-
action between compounds and microsomes in the microplate could
provide an explanation for the observed higher sensitivity of the mi-
croplate method, at least for the pyrethroid compounds.

Despite the negative correlation between Ca2+ release rates and
Ca2+ uptake rates (Section 3.3; Fig S1), effects on Ca2+ uptake were
much less pronounced than the effects on the Ca2+ release induced by
the same compounds. Possibly, the integrity of the microsomal mem-
branes and/or the ATP regenerating system deteriorated by the end of
the incubation period (40min; 37 °C) when Ca2+ uptake was de-
termined (Fig. 1A; slope 3). This is also suggested by the time-depen-
dent decrease in Ca2+ uptake observed for the DMSO control incuba-
tion (i.e. slope 1> slope 2> slope 3). The differences in slopes may
also be attributed to the fact that the concentration gradient between
inter-microsomal Ca2+ store and extra-microsomal Ca2+ concentration
increased with each additional Ca2+ spike. Consequently, Ca2+ storage
of each new spike demanded more energy than the previous spike.
Nevertheless, the results of the present study indicate that compounds
that open RyR and IP3R Ca2+ channels also contribute to a net decrease
in Ca2+ uptake, whereas compounds that inhibit SERCA also contribute
to a net increase in Ca2+ release.

Altogether, the current study shows the potential of the downscaled
method to screen test compounds for their capacity to interfere with
Ca2+ homeostasis in cerebral cortex endoplasmic reticulum with in-
creased throughput. Our data obtained with this novel screening
method indicated that representative compounds from many different
chemical classes may cause increased Ca2+ release, and, that for some
compounds this effect might be mediated through activation of RyR or
IP3R Ca2+ channels or inhibition of the SERCA pump (or a combination
thereof). Also, our data indicated SERCA inhibition as a potential novel
mechanism of action for pyrethroid insecticides. Moreover, microsomes
obtained from different stages of brain maturation showed differences
in sensitivity highlighting the potential of this screening method to
further our understanding of the underlying age-specific mechanism of
neurotoxicity. Overall, the downscaled method presented here provides
a sensitive, robust, fast and informative assay that can be used to in-
dicate potential important molecular mechanisms of neurotoxicity that
should be regarded as a trigger for hypothesis building and as a tool to

prioritize compounds for further investigation.
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